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a the first page to the last this 
m= book reflects the broad and diversi- 
fied research of the author and his col- 
leagues in light, vision and seeing—and 
in various aspects of ultraviolet and 


infrared energy. These researches fur- 


nish the scientific foundation for build- 


ing a rational technology for many 


major applications of radiant energy. 


They include the use of germicidal 
energy for disinfecting air, water, and 
other materials; the production of arti- 


ficial sunlight for specific and general 


purposes, not only in special therapeu- 


tic applications, but also for specific 


and general use in lighting of the 


future; the use of infrared energy for 


many purposes, and the great field of 
dual purpose lighting, which includes 
radiant energy for health, as well as 


light for seeing. 
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Foreword 


Te 


Farty in the present century a research laboratory came 
‘nto being with the usual personnel but with a unique 
charter. Its only obligation was to obtain and publish new 
knowledge of various aspects of light and radiant energy. 
A progressive management of a growing private industry 
adopted this means of acknowledging its indebtedness to 
science which had made that industry possible. Obviously, 
a similar debt is owed by industries, professions, practices 
and individuals throughout civilization. 

Into that atmosphere of scientific purpose and freedom 
the author entered when gas lighting was still pin-pricking 
darkness along a rambling front; but it was also engaged in 
a rear-guard action with the rising forces of electric light- 


ing. Carbon filaments in glass bulbs were already glowing 


steadily among the flickering gas-flames and more brightly 
than the gas-mantles. Electric lamps with fragile metal fila- 
ments were appearing on the scene and harsh carbon-arcs 


_ were sputtering on the streets and in some large interiors. 


The combined forces of these light-sources, and the 
preceding ones, against an overwhelming darkness had 
been so feeble for so long that darkness had become ac- 
cepted as the formidable competitor of artificial light. ‘This 
erroneous concept warped thought, misguided research, 
and stunted practice in the realms of artificial light and its 
potential services to civilized human beings. Such a con- 
cept naturally cast darkness in the major role of an enemy 
to be fought and obscured a great principle and objective. 
Inevitably an adequate concept evolved which recognized 


natural light and lighting as friendly, beneficent competi- 
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tors of artificial light and lighting. In a broader sense they 
are exemplary guides to be followed and simulated, or even 
surpassed if possible, with controllable light in a control- 
lable artificial world. 

The completion of an adequate concept came easily 
in due course. Natural light and lighting, and the radiant 
energy of various wavelengths in sunlight, have been 
powerful environmental factors throughout the evolution 
of life on earth. Abundant evidence on every hand is proof 
of their influences. Everyone familiar with only a meager 
portion of this evidence accepts the great principle of 


adaptation and environment; but it is surprising how gen-— 


erally intelligent human beings exempt themselves from 
the influences of the powerful outdoor environmental 
forces. 

Man has come indoors and, considering his insignifi- 
cance compared with all-powerful Nature, he has achieved 
wonders. As he looks outdoors from the comparative safety 
and comfort of his indoor world, his superficial inde- 
pendence of Nature perhaps aids his egoism in ignoring 
what he left outdoors when he came indoors. Yet he him- 
self is a testimonial of many influences of outdoor environ- 
mental factors. In the course of eons of evolution his visual 
sense was molded by, and adapted to, natural light and 
brightness-levels outdoors. He was molded physically and 
physiologically by these and other forces. Through the 
doorways of vision he has been molded psychologically by 
the imprints of outdoor distributions of brightness and 
color. 

i ‘These are mere glimpses of the extended concepts 
which challenged the author long ago. The sources of arti- 
ficial light and radiant energy available at that time were 
meager equipment for challenging the sun. However, sci- 
ence and technology were at work and the advent of more 


I 4 
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d better sources was reasonably assured by inevitable 
a ress. In the meantime two main highways, and many 
P a S invited research. These two main courses were 
Dad fo be more or less intermingled, but they sat 
separable into two distinct outlooks. One was confined to 
the relationships of light, vision and seeing. The wed me! 
compassed the effects of ultraviolet, visible and in seve 
energy upon health and hygiene and, by extension, nap ude 
yarious other uses not directly involving human eings. 

The publications of the author and his colleagues pro- 
yide a chronological record of their work along these i 
main courses, and into some of the byways. In the nip oe 
realms of light, vision and seeing, the names of P. W. Co 
L. L. Holladay and F. K. Moss are familiar and those o 
A. A. Eastman and S. K. Guth are beginning to appear. 
A. H. Taylor, by his genius and industry in devising . 
struments and methods of measurement, has peeren” 
much along both main courses. He and G. P. Kerr, Wehene 
many years of measurements of spectral energy, CO ioe 
temperature and erythemal effectiveness, have provide 
valuable basic records of what daylight and its components, 
sunlight and skylight, are throughout the day and eee 
The same measurements applied to artificial sources revea 
their standing as challengers of the sun. : 

-Tungsten-filament lamps provide short-wave meu 
efficiently and have extensive applications as yet undeve . 
oped. With the advent of a variety of mercury . 
tensive possibilities of radiant energy in the service o si 
man beings are becoming realities. Fluorescent lamps supply 
footcandles as “cool” as those outdoors and light of various 
color-temperatures. A component of erythemal core Phan 
easily be added to this revolutionary light-source. _ cia 
sunlight is now available from a variety of sources. : can 

be supplied locally or over large areas so that human eings 
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indoors can receive whatever beneficence, known or un- 
known, natural sunlight bestows outdoors. Complete con- 
trol of erythemal energy is now possible. Indoors there 
need be no paucity of this biologically-beneficial energy 
in winter nor too much in summer. Recently the germi- 
cidal efficiency of artificial sources has been greatly in- 
creased so that a relatively insignificant wattage far out- 
strips the best sunlight in killing micro-organisms, 

In the field of germicidal energy and its applications, 
L. L. Holladay and A. H. Taylor have made many con- 
tributions in the past decade. G. P. Kerr, T. Knowles, 


F. C. Kautzky and T. J. Borsch are also involved in tech-. 


niques and measurements. To all these colleagues the au- 
thor is indebted for much of the data in this book which 
deals primarily with some major effects of radiant energy 
and with applications that are bound to be extensive. 
Grateful acknowledgments are also extended to H. E. 
Wachs for the original drawings and to T. Knowles for 
the photography. 
Matruew Lucxtesy 
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| oss opo9 Challenging the Sun 
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| 9167 000S a ; : hei 
| 3 E Norewortuy advances in the development of artificial : 
| 6Ser 00S a sources of ultraviolet, visible and infrared radiant energy 
eR - : are actually challenging the sun. During the past decade 
hoe6 coop 4 e F modern science and technology have successfully chal- 
LLLE x <ae) lenged the sun in an increasing number of developments 
| €99€ 2 6 and applications. Civilized activities are no longer confined | 
| a between sunrise and sunset. Efficient controllable artificial 
oose a light is now as cool as daylight. Attainable intensities of 
ene a Sc ‘jllumination have greatly increased indoors. Infrared energy 
& 2 = is finding new uses. Ultraviolet energy with its germicidal, 
| ZELE oo ut biological, therapeutic, chemical and physical properties is 
yzoe 5 ic S 5 now available from a variety of relatively new sources. 
£962 e008 2 se Ultraviolet energy in the spectral region beyond the 
v68z - 0062 5 Poe short-wave limit of the solar spectrum is now available in 
oT bee 5 ome intensities far exceeding those of the best tropical sunlight 
| Cae ~ 008% +g 2 BS and skylight. Artificial sunlight is available for biological | 
00Lz 6 ae purposes exceeding the best sunlight in effectiveness. What- 
| hoe ooze e ever value there is in natural sunlight in various realms of 
3 a e health and disease, of erythema and tanning, of the produc- 
2 9Lse — 009g Fy eg tion of Vitamin D, of testing of materials and of other 
s hf LEeSe Egda | 
, fps = known uses can now be matched, or more than matched, by 
| cere oose § BE e artificial sources of radiant energy. It is likely that the 
z Qvv - 9 6 os unknown uses are even far more extensive than the known 
as | gece Koes e 2 8 2 ones. New powerful tools are available for practicing in 
oe : 6S the realms of the known and for investigating in the realms 
ad ks of the unknown. | 
| ; Our challenge to the sun is already formidable, but it 
Hail : , ' is made with humility as well. Sunlight is beneficent. It is 
HI ) life-giving. Its eternal shower of blessings does not efface 
| 1 
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or even dim the knowledge that among living things only 
the fit survive. Nature is ruthlessly destructive as well as 
eternally constructive. Knowledge, and the freedom and 
intelligence to apply it, are man’s means of decreasing 
unfitness. They alone can provide some resistance, durin 
a limited life-span, against the edict which inexorably takes 
its toll among unfit and unable living things. Having infi- 
nite time, Nature’s efficiency springs from its inefliciency. 
However, man, working more narrowly toward his own 
welfare, can be more direct and efficient. We can bring 
the outdoors indoors for our own benefit and under our 
control. Thus we can even. improve upon Nature in this 
direction as we have already in many other ways. 


A POWERFUL ENVIRONMENTAL FACTOR 


From the beginning of the simplest life on earth to the 
arrival of primitive human beings, an incomprehensible 
period of time elapsed. During all this time sunlight, both 
direct and scattered from the sky, was an environmental 
factor for countless species of living things in the long 
chain of evolution leading up toward human beings. It is 
unthinkable that radiant energy from the sun is not intri- 
cately woven into life-processes as other omnipresent en- 
vironmental factors are, such as air and water. Human 
beings exhibit many superficial adaptations to their natural 
environment and many hidden ones have been revealed by 
scientific research. With such evidence before us it seems 
safe to assume that many other adaptations and needs have 
escaped detection as yet, owing to man’s scanty knowledge 
of life and health processes. 

Nearly two thousand years before modern science 
began in earnest, Aristotle thought that the fundamental 
elements of the cosmos were air, water, earth and fire. This 
was a natural conclusion for any thoughtful observer domi- 
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ism of a human being. But in unraveling 

a c xo often misled, and still misleads to some 
a : for ‘human beings are prejudiced and relatively 
or ificant things among myriads of living organisms. 
. yer, in approaching the facts and mysteries of life 
calc of human beings, the relation radically changes, 
a human beings then become of primary importance. 
. led by a justifiable egoism, one may well conclude 
a air, water, earth and sunlight are primordial elements 
he natural environment which made outdoor human 
; ‘nos what they were, or are, physically, biologically and 
5 sychologically. In one minute the need for air is as 
Bincly apparent as is the need for water in a week, 
Ph as the source of food becomes overwhelmingly im- 
ortant to those without food for a month. It is difficult sy 
: ove the direct need of sunlight and its radiant energy 0 
BB ious wavelengths, but this is not discouraging. Much 


. indi lready supports the 
] dence, both direct and indirect, a y suy 
a B losophy of adaptation to this powerful environmental 


factor. ae 
Sunlight varies widely in its intensity, duration and 


spectral composition according to location and — as 
well as from hour to hour. Plants live and die where they 
are born; therefore, various kinds have become adapted to 
the extensive variety of environments outdoors. They can- 
not survive radical changes in environment. Animals, free 


q nce 
_ to range, have had to develop some degree of independe 


which apparently is achieved through a degree of storage 


pres vad ae 
capacity. If sunlight 1s essential to life-processes, hu 


beings had to be protected in this manner from their own 


i red 
ignorance. Therefore, the benefits of sunlight are store 


in food and possibly in the human body to tide human 


beings over the seasons and in their wanderings over the 


earth. At any rate, this can account for the fact that man- 
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kind has survived outdoor variations of sunlight, and par- 
ticularly the unnatural indoor world. One of the most 
interesting and important questions confronting civilized 
human beings is the possible price they have paid by build- 
ing an indoor world. Possibly some of the environmental 
factors which were left outdoors may account for the 
smallness of the net gain in health and longevity that civi- 
lized man has made, notwithstanding the enormous strides 
in development of obvious contributions in these directions. 

A living thing may be considered to be a harmonious 
cooperation of processes, reactions and substances. Elec- 
trons, neutrons and protons form atoms and these form 


molecules. These in turn form protoplasm which is a con- 


stituent of the living cells of which human beings are con- 
structed. Thus we complete in a few words a sketch of the 
chain of evolution whose actual history spans a period of 
uncounted millions of years. At the beginning of this chain 
from dead matter to living matter, the electrons and pro- 
tons are intimately associated with radiant energy and, 
according to modern science, actually merge into it. The 
living cell is a unique transformer of energy which con- 
tinually takes care of an influx of energy brought to it 
from without. Tracing life back toward its origin, rather 
simple conditions are met. From the earth come mineral 
salts; from the air come oxygen, nitrogen, and carbon diox- 


ide; from the sun comes infrared, visible and ultraviolet 


radiant energy. Add water to these and life results. At 
every turn one meets radiant energy and, just as cosmogony 
teaches that the earth was born of the sun, so biolo 
teaches that living things on earth owe their life and nour- 
ishment, directly or indirectly, to the radiant energy from 
the sun. 

Modern medicine still trusts much to Nature and 
teaches that continued transgressions against Nature lead to 
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But these same natural forces, obeyed and com- 
Jemented or supplemented by science and invention, are 

t in their ability to re-equilibrate a human being 
a organization is out of harmony somewhere. And 
dance is very generally caused by ignorance, for 
the reason that so little is known of the human organism 
nd the external influences. Human beings may well reflect 
. on the fact that for each living thing the universe may 
a divided into two parts. One is a relatively tiny part a 
tained within the surface limits of the living thing. pein 
other is the infinitely great part beyond. In considering the 


O parts, it 
enormity of the disproportion between the two parts, 


must be strikingly convincing that the organism is affected 
by the environment which he influences so little. 


SUNLIGHT-THERAPY 


Any retrospective view of the development of sunlight- 
therapy inevitably loses itself in the mists of primitive 
ractices. Worship of the sun is almost universal acknowl- 
edgment of the beneficence of sunlight by primitive beings. 


_ Even in religious ceremonies of highest civilizations, sym- 


bolic uses of light are prominent. The most casual observa- 
tion reveals the importance of light or visible radiant energy 
to plants. They grow toward the light and in darkness 


_ become mere ghosts of their true selves. Animals bask in 


the sun. Primitive beings expose their wounds to it, thus 


anticipating present post-surgical treatment with radiant 


energy by a long time. Sunlight has been killing germs for 
eons and still keeps the earth for human beings by doing so. 
Elementary sunlight-therapy has been practiced for cen- 


__turies by various civilizations. Although instinctive recog- 


nition of sunlight as a remedy, preventive, adjuvant or tonic 
is not scientific proof of its powers, instinctive procedure 


_ persisted in by human beings for centuries often acquires 
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some weight. Its naturalness eventually gives it some au- 
thority which must be reckoned with. At least if we 
disapprove we should be able to disprove. 

Egyptians treated the sick with sunlight. Hippocrates, 
who is honored as the father of medicine, erected a health 
temple to music, medicine and the sun. The Romans built 
solariums open to sunlight and Herodotus believed that 
sunlight was good for people who needed “restoration and 
the increase of their muscles.” He even recognized the 
relative weakness of winter sunlight compared with summer 
sunlight. Many other civilized peoples in the sub-tropics 
practiced sunlight treatment. Eventually, as civilization 


spread northward in Europe, the practice of sunlight- 


therapy waned and even fell into disrepute. Quackery may 
have been the cause, for it flourishes in the twilight zone of 
knowledge. 

Near the close of the eighteenth century, sunlight 
treatments revived and apparently with a scientific ap- 
proach to the subject. About that time Faure advocated the 
treatment of chronic ulcers of the skin by means of sun- 
light. Later, when more scientific work verified some of 
his claims, others became seriously interested. In 1815 
Chauvin published a treatise entitled Insolation in which he 


recommended the use of sunlight in all disorders with © 


which feebleness, apathy and exhaustion were associated. 


The discovery of ultraviolet energy in 1800 may have given © 


some impetus to sunlight-therapy, but nearly a century 
was to elapse before there was much scientific proof that 
ultraviolet energy near the short-wave limit of the solar 
spectrum was particularly effective in certain aspects of 
health and disease. 

Toward the close of last century Finsen in Denmark 
and Rollier in Switzerland became everlastingly associated 
with actinotherapy and heliotherapy. They were respon- 


a challenging the Sun 
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_ ,|so for a renewed confidence in them. Finsen demonstrated 
als 


. contr 


that lupus vulgaris is curable by ultraviolet energy. He 
'_ ibuted much in the development of therapeutic 
methods and techniques. In the same year that Finsen died, 


: Rollier opened an institution in the Swiss Alps for scientific 


studies of heliotherapy. Apparently he had considerable 
success in the treatment of anemia, rickets, chronic ulcers 
and tuberculosis of skin, bones, joints and glands. He 
studied both the curative and the preventive value of radi- 
ant energy from the sun. His extensive work, following 
Finsen’s re-introduction of sunlight into medical ane 
inspired many scientific investigations and amin O 
the present century. Excellent treatises by outstanding 
authorities are now available, but many extravagant or 
unproved claims are also in circulation. fee 
After Rollier, scientific applications greatly multiplied 
and physical science contributed new agencies. With 
Roentgen’s discovery in 1895 of very penetrating rays 
which bear his name and the isolation of radium by the 
Curies in 1898, the present century was prepared for in- 
tense applications of these new sources of short-wave radi- 


ant energy in. therapeutic practice. However, these rays 


if 
_ discussed in the present work. 


i 
g 


are not components of sunlight and, therefore, are not 


During recent years many new sources of ultraviolet, 


visible and infrared radiant energy have been developed. 
‘These, combined with methods of measurement, have added 
greatly to the possibilities of control of dosage and particu- 
larly to knowledge, for meaningful measurements provide 
the foundation of any science or practice. Notwithstand- 
ing these contributions, there are many uncertain regions 


and even gaps in the knowledge of the subject. Much of 


i 5 


_ the uncertainty is directly traceable to meager knowledge 
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of physics on the part of those who use these physical 
agencies. [he value of much of the published material is 
greatly reduced by the absence of accurate measurements 
and adequate identification of the spectral distribution of 
energy. Such deficiencies greatly depreciate the value of 
much biological and therapeutical research with radiant 
energy and applications of it. There is need for closer 
coordination of the knowledge of physical science with 
that of biology, medicine and therapy, in the various realms 
of education, research and practice. The author and his 
colleagues have made a specialty of developing measuring 


devices and techniques. The results provide a major reason — 


for writing this book. 


LIGHT AND RADIANT ENERGY 


The term Jight is commonly used loosely, and chiefly — 


in two senses. Sometimes it is confined to visual sensation 
as distinguished from radiant energy. [his is a definite and 
logical usage. It is also commonly used to denote visible 
and invisible energy emitted by socalled light-sources or 
luminous radiators. This latter usage is indefinite and un- 
necessary inasmuch as terms such as ultraviolet, visible and 
infrared energy are already in use for this purpose and they 
are definite and accurate. 


For the present purpose radiant energy may be defined 


as electromagnetic energy possessing only one inherent or 


fundamental characteristic—spectral character. Radiant en- 
ergy cannot be discussed or understood effectively without 
dealing with its spectrum in terms of wavelengths or fre- 
quencies. Wavelength has been in use so long that it will 
be adhered to here, even though the use of frequency is 
increasing. Wavelength and frequency are directly related 
as reciprocals; that is, the frequency is proportional to the 
reciprocal of the wavelength. The converse is also true. 
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Now that radio receiving-sets and sending-sets are SO 
common, it is easy to use them as analogies. Any source of 
radiant energy is a sending-station. It emits radiant energy 
of a definite spectral character, depending upon the com- 

osition and physical conditions of the radiating substance. 


7 The radiant energy will travel in straight lines until it 1s 


absorbed, reflected, refracted or diffracted by a medium or 


object. 
In gases and vapors the atoms are usually free to emit 


the characteristic spectrum of the chemical elements in- 


volved. This is why the gaseous tubes and various arcs emit 


discontinuous or line spectra. The spectral lines are merely 
images of the linear slit of the spectroscope. In general, 
energy of shorter wavelengths is refracted or diffracted 
more by prisms or gratings, respectively, than energy of 
longer wavelengths. This provides a means of separating the 
heterogeneous radiant energy emitted by any radiator into 
energy of various wavelengths. In this manner accurate 
specification of spectral character becomes possible. 
Any radiator which emits radiant energy is a sending- 
station and an atom of a given element under given condi- 
tions always broadcasts its own characteristic wavelengths. 
The eye, or more strictly the visual sense, is a receiving- 
set. It is only one of an uncounted myriad of receiving 
stations. Each receiving-set has its own characteristic selec- 
tivity as seen in other chapters, particularly Chapter III. 
The eye, for example, is selective or sensitive to the spectral 
range which naturally is described as the visible spectrum. 
The chief value of the foregoing picture is found not only 
in the analogy which is widely applicable, but also in the 
realization that the eye is merely one of a great many 
receiving-sets, each of which possesses its own peculiar 
spectral selectivity. Furthermore, one should not lose sight 
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of the fact that the eye cannot appraise invisible radiant 
energy for any of its manifold purposes. 

Wavelength being a linear dimension or distance, its unit 
is easy to understand. Wavelengths of radiation are so short 
that very small units are necessary. In this discussion the 
Angstrom unit A is used. Is is equal to one ten-millionth of 
a millimeter, although it is seldom necessary to know its 
absolute value. The relationship of other wavelength units 
in common use is as follows: 


10,000 A = 1000 mp = Ip = 0.001 mm. = 0.0001 cm. 


Incidentally the foregoing wavelength is in the near infra- 


red region not far beyond the long-wave limit of the visible 


spectrum which is at a wavelength near 7600 A. The Greek 
letter » represents the micron and mp the millimicron. The 
Greek letter lambda, 4, commonly indicates wavelength in 
scientific work. Therefore, it is convenient to use a logical 
abbreviation for expressing briefly a longer phrase. An 
expedient used extensively by the author for many years 
and with much satisfaction is, for example, 42900. In this 
case the numeral records the wavelength in Angstrom units 
and the simple expression, A2900, is a substitute for the 
words “wavelength of 2900 Angstrom units.” The short- 
wave limit of the solar spectrum on a high mountain peak 
is near A2900. 

Radiant energy has received many names, but with no 
consistency as to the method of choosing names. This adds 


greatly to the confusion. However, the entire matter is 


greatly simplified if one views the entire gamut of the 
wavelength-scale of radiant energy as representing the same 
kind of energy throughout, but differing only in wave- 
length. In addition, one should recognize that the names for 
the various regions commonly arise from the name of the 
explorer of that region, from the manner of production, 


from the i : 
"ral regions. Therefore, names of spectral regions should 


not be taken too seriously and, of course, the limits or 
: houndaries of the spectral ranges under each name should 
; Fe considered only approximate. In fact, the limits of the 
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heir properties, or from their adjacency to other spec- 


TABLE I 


imate Wavelength Limits in Angstrom Units of Various Socalled Rays 
Energy and Spectral Ranges Designated by Names in Common Use 


Wavelength Range 


Gamma rays from radioactive substances 
Roentgen or X-rays 
Ultraviolet energy 
Extreme or short-wave 
humann region 
Mid 2,000-3,000 
Limit of solar spectrum 2,900-2,950 
Near or long-wave 3,000-3,900 
3,900-7,700 


4,900-5,500 


6,200-—7,700 
Infrared energy 7,700-10 x 106 
Near or short-wave. .. 7,/00-14,000 
Long-wave 14,000-10 x 106 


" yarious spectral regions may actually overlap in some cases. 
_ For example, a high-voltage spark in a vacuum radiates 
energy of very short wavelengths which is known as ultra- 
violet, owing to the manner of production. On the other 
hand, these same wavelengths of energy are emitted by 
_ X-ray tubes under certain conditions and are then known 
as X-rays or Roentgen rays. 


The approximate wavelength limits of various spectral 


“regions of radiant energy are shown in Table I. All these 
_ fays or spectral components of radiant energy may produce 
_ heat when absorbed; therefore, the use of the term heat rays 
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for any specific portion of the spectrum, such as the infra- 
red, is a misnomer and misleading. It is unnecessary to use 
this term in any sense. Such terms as actinic rays, chemical 
rays and actmotberapy are also indefinite and often mis- 


leading. 


VARIOUS SPECTRAL REGIONS 


It aids materially in understanding radiant energy as a 


physical tool and also its effects, to comment briefly upon 


various spectral regions. In Table I radiant energy beyond 
the infrared region has not been included for the reason 


that it is not present in sunlight or skylight. Beyond the 


region commonly known as infrared are socalled Hertzian 
and electric waves which are used in diathermy and wire- 
less. Of still longer wavelengths is the radiant energy radi- 
ated from high-frequency and ordinary electric currents. 
Still others complete a long range of wavelengths. The 
longest known wavelength of radiant energy is greater than 
12 kilometers or about 100 million million Angstrom units. 
(See list of references following last chapter.) 

Fig. 1 aids in visualizing the spectral region occupied 
by sunlight and also skylight which is scattered sunlight. 
The short-wave limit of the solar spectrum is in the neigh- 
borhood of 42900 to 42950 depending upon the altitude of 
the sun, the impurities in the atmosphere, and the altitude 
of the observer above sea-level. Solar energy of shorter 
wavelengths is absorbed by the upper atmosphere far above 
the heights attained by man. . 

It is also interesting to note the generalization indicated 
at the right-hand side of Fig. 1. Radiant energy of shorter 
wavelengths than that of sunlight is decreasingly penetrat- 
ing as the wavelength decreases until the Roentgen region 
is reached. Then it is increasingly penetrating as the wave- 
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t decreases. This is es true of radiant energy at the 
Tens end of the spectrum. Of course, this is only a broad 
} ee neralization, but it is interesting. An equally interesting 
ge 
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Bic. 1. The approximate wavelengths of the various spectral regions of 
‘the entire spectrum of radiant energy. 


Aetail ; is the transparency of air and water to the radiant 
‘energy which our visual sense uses for seeing. These two 
‘substances are vital to human beings and their transparency 
to light and their colorlessness are of more than passing 
interest. 
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Cosmic rays have been known to exist for severa] 


decades. At the present time they are being studied in- 
tensely for clues to certain fundamental questions pertain- 
ing to the origin and constitution of matter. It is possible 
that they have some effect upon living matter. They are so 


penetrating that probably all, or nearly all, living cells on 


earth are reached by them. Until living matter is shielded 
from them and extensively studied, their effects in this 
respect will not be known. 
Gamma rays (region of 40.1) are spontaneously 
emitted by radioactive elements, such as radium, or its 
breakdown products. They are valuable in the cure of cer- 
tain diseases. They kill abnormal growths perhaps due to 
the less perfect organization of these compared with nor- 
mal tissue, Certain descendants of radium emit alpha par- 
ticles and beta particles (electrons) but these have the 
physical characteristics of radiant energy such as wave- 
length and frequency. Cathode rays are a misnomer for 


they are showers of high-speed electrons. These have been — : 


known for a long time, but their effects upon living matter 
and therapeutical uses have not been extensively studied. 
They produce fluorescence, ionization and photographic 
action. When they strike matter, such as the target in an 
X-ray tube, they generate Roentgen rays. 

Positive rays are also a misnomer for they are showers 


of positive ions or protons, each of which has a much 


greater mass than an electron. They produce many of the 
same effects as cathode rays, but do not produce X-rays. 
They are produced in rather high vacua, as is true of 
socalled cathode rays. They move from the anode to the 
cathode; that is, in a direction opposite to that of cathode 
rays. 

Roentgen rays (A0.1-A5) are produced by the bom- 
bardment of matter by cathode rays in a high vacuum. 


‘its 


or : - 
energy: It produces fluorescence, photographic action and 


many known biological effects. It is convenient to divide 
j it into three parts in reference to the visible spectrum, al- 
though certain important effects overlap these subdivisions. 
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e their longest wavelengths they overlap the extreme 
a lored region of ultraviolet energy. They produce fluo- 
3B ence and photographic action and possess high penetra- 
a depending upon the density of the substance. In 
ent dosages they kill living cells. 

." Ultraviolet energy (shorter than A3900) first received 
name because it was adjacent to or beyond the violet 
Jimit of the visible spectrum. From the viewpoint of bio- 


Jogical and therapeutic effects this radiant energy has 


eceived much more attention than the visible and infrared 


Extreme ultraviolet energy (shorter than 2000) has 


found little use in therapy and biology because energy 
shorter than 41850 is absorbed by most substances, includ- 
ing air. In general, this is the least penetrating of all radiant 
energy. It must be produced and studied in a vacuum by 
“means of special photographic plates, gelatine emulsions 
being opaque to it. Schumann studied the region from 
} 42000 to 41200 and Lyman the region shorter than 41200. 
Millikan and others produced high-voltage sparks in vacua 
“and obtained wavelengths well into the region already 
_ covered by X-rays. This is an example of radiant energy of 
" certain wavelengths being known as ultraviolet or X-rays, 
depending upon the method of producing it. 


Middle ultraviolet energy (A2000-A3000) is a very 


1 important spectral region from biological and therapeutic 
‘viewpoints. It is not transmitted by ordinary glass, but 
“quartz is transparent throughout this range. Special glasses, 
particularly when free of iron, can be made to transmit — 
‘various ranges shorter than 43000. The solar spectrum. 
barely extends into this region for its short-wave limit is 
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near 42900. Nevertheless, solar energy between 2900 and 
43100 is known to be very valuable in antirachitic and 
germicidal action, in the production of Vitamin D, in the 
production of erythema, and in extreme cases in the coagu- 
lation of egg albumen and the production of conjunctivitis, 
However, under ordinary conditions conjunctivitis is nor 


caused by sunlight. 
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Fic. 2. Glimpses of important spectral data in the ultraviolet region 
from nearly the short-wave limit of transmission of quartz to the short- 
wave limit of the visible spectrum. 


3500 4000 


In Fig. 2 it is seen that some very important effects of 
ultraviolet energy are largely confined to this spectral 
region. ‘he maximum of germicidal action is in the neigh- 
borhood of 42600, but the action extends definitely to 
43100 and, if the radiation is intense enough, perhaps to 


43500. The maximum for production of conjunctivitis and | 


coagulation of egg albumen seems to be near A2500. This is 
also the neighborhood of one of the two maxima of ery- 


themal effect, the more important one being near 43000. 


The production of Vitamin D by irradiating ergosterol is 
apparently due to energy somewhere between A3100 and 
42500, although the wavelength of the most effective en- 
ergy in this respect is not accurately known. Skin affections 
seem to respond to this radiant energy, but there is a strong 
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tendency t0 limit the spectrum for many other biological 
t ;, Inasmuch as ultraviolet-therapy followed successes in 
a - ht-therapy and is still largely based upon the philoso- 
A a sunlight as a natural factor, there is good reason for 
BF inating radiant energy shorter than 42800 and A2900 
for general use and even for some specific uses. 

Close inspection of Fig. 2 reveals the fact that the spec- 
Sum of sunlight barely extends into the middle ultraviolet 
“region. It actually ends a little short of 42900. However, a 
“number of major effects such as germicidal are produced 
maximally by ultraviolet energy of still shorter wavelengths. © 
“Therefore, artificial sources which emit abundant energy in 
“the region from 43000 to A2500 and even to A2200 are 
j powerful challengers of the sun for some purposes. In fact, 
the effectiveness of sunlight in killing germs, for example, 
‘is due to the enormous intensity of solar energy and the 
‘long exposures. The successful challenge of the sun by 
“some new artificial sources of ultraviolet energy is ade- 
"quately shown in later chapters. 

Near ultraviolet energy (43000-3900) produces fluo- 
“rescence very generally and causes photographic action. 
“Ordinary glass is quite transparent between 3900 and 
03500, but the transparency rapidly decreases until most 
| “glasses of ordinary thickness are fairly opaque at 43100. 
“Special glasses are transparent throughout this region. 
Filters, practically opaque to visible radiant energy, are 
available for transmitting ultraviolet energy in this spectral 
range. These provide excellent means of utilizing fluores- 
cent effects and even for producing erythema and other 
biological effects without appreciable visible radiant en- 
‘ergy. Antirachitic, erythemal, germicidal, and tanning 
effects are chiefly confined to radiant energy shorter than 
43200 although we have studied tanning of the skin for 
ultraviolet energy up to 3700. Most substances that are | 


 . 
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transparent to visible radiant energy, including common 
glasses, become quite opaque somewhere in this ultraviolet 
region. Quartz, some special glasses, and pure water are 
important exceptions. It seems logical to expect that radi- 
ant energy of this spectral range, being quite abundant in 


sunlight, has many influences upon living matter which 


have not yet been revealed. | 

Visible energy (A3900-A7700) 1s the spectral range to 
which the visual sense of human beings 1s sensitive. This is 
not necessarily the range of sensitivity for eyes of all ani- 
mals and insects. Chlorophyl requires visible radiant energy 
in order to play its part in vegetable life and growth. ‘Thus 
this visible energy is all-important to plant life. Ultraviolet 
energy in sunlight seems to play no generally conspicuous 
part in the plant kingdom. Ultraviolet energy in the middle 
region is lethal in its effect upon plants. Hematin in the 
blood of animals may be more than a chemical analogy to 
chlorophyl. It may play an important part in utilizing 
radiant energy by human bodies. 


The relative luminosity of radiant energy of various — 


wavelengths to the human visual sense is shown in Fig. 3, 
The spectral range of visible energy is shown in relation 
to the ultraviolet and short-wave infrared regions. The 
spectral limits of the transmission of the media of the 
human eye are also indicated. Owing to the importance of 


water in bodily tissue and in the atmosphere, the spectral 


transmission curves of three thicknesses of water are shown 
along with the spectral energy curve for solar energy when 
the sun is directly overhead.on an average clear day. 
Human beings evolved under Nature’s lighting, colors 
and brightness distribution outdoors. As mental beings they 
have not escaped vast and complex psychological influ- 
ences. [here is evidence of this on every hand. However, 
in therapeutic value these should generally be rated as of 
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_econdary importance. Many therapeutic claims in this 
s are extravagant or unsupported by knowledge. Un- 
pc* a onably, when knowledge increases so enormously 
a psychological refinements can be added to therapeutic 
practice, they may be found to be important. Nevertheless, 
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Fic. 3. The spectral range of radiant energy of most immediate im- 
‘portance to human welfare. To this may be added ultraviolet energy 
of maximal germicidal effectiveness beyond the solar spectrum. 


hefore the biological effects are known and utilized, the 
‘psychological ones can scarcely assume primary importance 
) excepting possibly in some purely mental disorders. ‘The 
‘scanty knowledge which is available makes the field of 
‘socalled color-therapy a fruitful one for the practice of 
“quackery. 
_ Water is quite transparent to visible radiant energy as 
indicated in Fig. 3. Blood is transparent to 46300-47700. 
Inasmuch as bodily tissue consists largely of water and is 
colored by blood, it is quite transparent to long-wave 
visible energy. Thus light can heat bodily tissue to a depth 
“more comfortably than is done by direct contact of hot 
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towels. There is an extensive field of applications of long. 


wave visible and short-wave infrared for “light-baths” ang 
local stimulation of circulatory processes. 


Short-wave infrared energy (A7700-A14,000) pene. 


trates deeply into bodily tissue as is indicated in Fig. 4. The 
radiant energy of maximum penetration is in the neighbor- 


hood of 411,000. Therefore, the most efficient source for — 
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Fic. 4.. The spectral range of radiant energy reaching the earth from 
the sun and in addition the spectral range of ultraviolet energy not 
transmitted by the atmosphere. 


supplying radiant energy for heating bodily tissue at a 
depth is one which provides the greatest percentage of 
radiant energy in the neighborhood of 411,000. This is not 
true of the sources commonly used for supplying infrared 


energy, which is too commonly designated as heat rays. 


The questions involved are rather simple ones in physics. 
Physical measurements show that bodily tissue is chiefly 
transparent to radiant energy between 6000 and A14,000 
and maximally transparent at about 411,000. Among all 
the practical sources available, ordinary tungsten-filament 


lamps of high wattage supply the energy of desired wave- 
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© ts most efficiently. Such lamps from 100 1 ve 
i 5 are almost ideal sources of energy for heating bodily 
a at a depth. They are superior to carbon filament 
- commonly used. ‘The _ fiona or 
cy Juminous radiators supplied for this purpose are 
Al tively inefficient. : fy 
" Therapeutic practices lag behind the physics of the 
Bi ect and some of these are excellent examples of the 
Be of grasp of the fundamental knowledge available. Of 
ourse, a hot towel, a hot-water bag, or any kind of heater 
“j]| heat the bodily tissue to a depth by inward conduction 
£ heat from the heated surface but with more discomfort 
P the patient than when a source of penetrating radiant | 
nergy is used. The efficient and comfortable way is to 
Seat at a depth by radiant energy transmitted to and 
whsorbed by the deeper layers of bodily tissue. A bath 
abinet in which eight 300-watt tungsten-filament lamps 
ire used (one in each of the eight inside corners) is a good 
pplication of this principle. With a minimum of discom- 
prt 4 maximum of heating effect at a depth is obtained. 
rhe results are liberal perspiration, cleansing of skin, stimu- 
tion of circulatory processes, and possible other benefits 
f bathing the body with radiant energy which, before the 
lonning of clothes, was a primary factor in the outdoor 
snvironiment. 
 Long-wave infrared energy (longer than 14,000) 
dossibly has unknown influences. Of course, it contributes 
gward heating the bodily tissue but not as efficiently or 
ffectively as the short-wave infrared as is indicated in | 
fig. 4. This long-wave infrared energy can be controlled 
y absorbing glasses as indicated in a later chapter. Most 
lasses are fairly transparent to infrared radiant energy as 
at as 428,000. Special apparatuses which produce electric 
Waves and high-frequency energy, diathermic devices and 


* 


range extending throughout the middle ultraviolet and to 
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s wn the spectral distribution of energy emitted by two 
sh 4 carbon ares. (See Plate IV.) 

Quartz mercury arcs of various wattages have been 
4 jJable for many years. They still have many uses, but as 
ava eure 
Bue of carbon arcs, many old and new applications of 
. diant energy are better served by relatively new sources. 
F yartz mercury arcs as well as bare carbon arcs emit energy 
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socalled artificial-fever machines are yielding promising § 
results. Some of the effects are due to excessively high tem, 
perature which can be obtained quickly in the depths of” 
bodily tissue. These can be very efficient devices for they 
produce radiant energy of very long wavelengths to which 
bodily tissue is quite transparent. 


ARTIFICIAL SOURCES OF RADIANT ENERGY 


In challenging the sun we are interested first in the 
spectral range of radiant energy from the sun and sky, 
This begins at about 42900 in the ultraviolet region ang 
extends through the visible region and far into the infrared _ 
region. However, our interest is not confined merely to 
this spectral range but extends into the variety of effects 
produced by solar energy. Many of these effects are far 
more efficiently produced by ultraviolet energy shorter 
than 42900. Therefore, in the consideration of artificia] 
sources of radiant energy we are concerned with a spectral 
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a 5, Radiant energy of various wavelengths emitted by two types 
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of carbon arc; B, therapeutic carbons; S, sunshine carbons. 


at least 41800 where ultraviolet energy is absorbed by air | 
and ozone is produced. q 

Quite a number of artificial sources are now available, 
A few have been available for many years, but during the 
past decade new sources have greatly extended the prac- 
tical possibilities of successfully challenging and even out- 
doing the sun in many applications of radiant energy, ~ 
particularly ultraviolet energy. Although these artificial” 
sources are discussed in detail in later chapters, it may be” 
helpful to describe them briefly at this point. ‘ 

Carbon arcs have many uses and by impregnating the 
carbons with appropriate compounds considerable control ¥ 
over the spectral character of the emitted radiant energy 
can be exercised. ‘The short-wave limit can be further con- 
trolled by glass envelopes of various kinds. In Fig. 5 is 


throughout the middle ultraviolet region. The production 
of ozone generally indicates radiant energy shorter than 


42000. 


| by limiting the ultraviolet spectrum to approximately the 
spectral range of sunlight. Actually the short-wave limit of 
sunlamps is generally at about 42800. ‘This limit 1s readily 
accomplished by using a special glass. 

j The S-1 sunlamp, illustrated in Fig. 6, consists of a 
tungsten filament in parallel with a small mercury arc. 
With its essential transformer it is rated at 500 watts. It 
emits considerable light, actually about 7200 lumens ini- 
tially, at a luminous efficiency of 18 lumens per watt. It 
also emits considerable infrared energy. Its spectral limit 


Sunlamps are distinguished from ultraviolet generators _ 


24 Challenging the Syq_ 


in the ultraviolet region is about 42800 which is determineg 
by the special glass of the bulb. Inasmuch as a source of 
one spherical candlepower emits 47 lumens, the luminoyy 
intensity of this lamp 1s about 600 candles. (See Plate ITT.) / 

The S-4 sunlamp, illustrated in Fig. 7, consists prie q 
marily of a mercury arc in a small quartz tube. ‘The enclog_ 
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Fic. 6. A diagrammatic view of the important details of the Type S-1 : 
lamp which, without its essential external ballast, is approximately a — 


400-watt sunlamp. 


ing bulb consists of special glass. With its essential trans- | 
former it is rated at 123 watts. The RS-4 sunlamp 1s the ~ 
same lamp in a reflector bulb coated inside with aluminum. © 
Its overall rating is 123 watts. These lamps emit relatively 4 
less light, but are quite powerful sources of ultraviolet 
energy as far as 42800, being comparable to the S-1 sun-— 
lamps which are about four times the wattage. Obviously ~ 
the composition of the enclosing bulb determines the short- 


wave limit of the emitted ultraviolet energy. 
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' The RS sunlamp, illustrated in Fig. 8, is similar to the 
: 4 but has a tungsten filament for ballast and a bimetallic 
wrting switch within the aluminized reflector bulb. No 
axiliary transformer 1s necessary. Therefore, it can be 
“ced in the usual sockets available for common filament 
4 ps on ordinary lighting circuits. Its overall rating 1s 
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Fic. 7, A diagrammatic view of the important details of the Type S-4 
lamp which, without its essential external ballast, is approximately a 
100-watt sunlamp. 


1275 watts. The filament emits considerable light and infra- 
red energy. [he mercury arc of the RS sunlamp provides 
ultraviolet energy as far as 42800. This limit is determined 
by the composition of the glass bulb. | 

_ The AH-6 lamp, illustrated in Fig. 9, is a high-pressure 
mercury arc in a small quartz tube. It emits 65,000 lumens 
at a luminous efficiency of 65 lumens per watt. As a light- 
source its luminous intensity is about 5000 candles. The 
quartz tube in which the mercury arc is confined is cooled 
by water flowing through an outer jacket of special glass. 
The spectral limit of the ultraviolet energy which is 
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illenging ae 
gy Path abundant light or visible energy. The AH-9 
4 2 -_ rated at 3000 watts with an output of 120,000 
ap 1s Its Juminous intensity is about 10,000 candles. 
a Iv, the glass bulb determines the spectral limit of 
i Ect energy which 1S made available. 

number of sources of ultraviolet energy in the near- 
a violet region are now in use primarily for exciting 


emitted is determined by the transparent water-jacket and. 
by additional filters. The BH-6 is the same lamp withoy, 
the water-jacket, but cooled by jets of air impinging on. 
the quartz tube containing the mercury. Its rating is 1099 
watts when water-cooled and 900 watts when air-cooled 
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TP plass may be omitted and the capillary tube may be cooled by blasts of 
> r. This is a 1000-watt lamp exclusive of the external ballast. 
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Fic. 8. A diagrammatic view of the important details of the Type RS i 
lamp. This is approximately a 275-watt sunlamp which does not require © 
an external ballast. | 


fuorescence. These are compact mercury arcs with bulbs 
r filters consisting of deep purplish glass which transmits 
itraviolet energy efficiently but transmits relatively little 
eht or visible energy. The term black light has become 
ssociated with these sources. 

_ A mercury arc at very low pressure is an efficient 
Ource of ultraviolet energy, nearly all of which is emitted 
1 the neighborhood of 42537. This energy 1s maximally 
ermicidal. Therefore, when such sources are confined in 
ulbs or tubes of special glass highly transparent in the 
pectral region of 42537, they have become known as ger- 
ficidal lamps. They are exceedingly powerful sources of 
ermicidal energy. For example, a 30-watt germicidal lamp 


These lamps are powerful sources of ultraviolet and visible © 
energy. With these lamps intensities of such energy can 
be obtained far in excess of the most intense tropical 
sunlight. 

A number of other high-pressure mercury arcs of the 7 
H type are available primarily for lighting purposes. They 
also emit considerable energy in the near-ultraviolet. These — 
vary in rating from 100 to 3000 watts with luminous effi- J 
ciencies of 40 lumens per watt without taking the auxiliary — 
ballast into account. They may be worth considering — 
where abundant long-wave ultraviolet energy is desired — 
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is about as effective in killing germs as a 300-watt quart, 
mercury arc of the type which has been available for many 
years. Obviously, these new socalled germicidal lamps have 
many other applications besides killing bacteria and other - 
living organisms. (See Table XIX.) q 
Tungsten-filament lamps are fairly efficient sources of 
light and are excellent sources of short-wave infrared ep. 
ergy which is abundant in sunlight. Such energy is finding . 
many new uses. Equipped with a bulb of special glass, | 
tungsten-filament lamps emit measurable amounts of ery- 
themal or antirachitic ultraviolet energy. They are then 
known as CX lamps. (See Plate IIL.) ; 
Fluorescent lamps are recent additions to the ranks of 
light-sources. They provide light which is as “cool” ag 
daylight. They are essentially low-pressure mercury arcs, _ 
Great control over the spectral character of the emitted 
energy is possible by properly choosing and mixing the 
fluorescent materials (phosphors) with which the inner 
surface of the glass envelope is coated. The uses of these - 
lamps are not confined to lighting. By means of special _ 
phosphors they become excellent sources of energy ex- 7 
tending through the near-ultraviolet region and into the © 
middle ultraviolet region. (See Plate I.) 
All these sources have their place in challenging the 4 
sun. Their effectiveness is discussed in detail in various — 


chapters. (See Plate XVI.) 


quartz mercury-arc. B, iron arc. 
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iron arc through decreasing depths of ergosterol. 


Pirate II. Showing the absorption band of ergosterol. A and G 


C, D, E, and F, 


Chapter II 


in light and Skylight 


a THE world of living things outdoors, countless life- 
rocesses are at work. To a great degree they are the 
“oducts of the outdoor environmental factors and influ- 
tyces which antedate man by an enormous period of time. 
Now they are important to us in many ways and probably 
, more ways than we can possibly comprehend. Only by 
, blinding prejudice of an inexcusable egoism can man 
snore the overpowering influences of sunlight and sky- 
foht. Nature provides an enormous laboratory of life- 
srocesses and environments. It is inevitable that modern 
eience is invading that laboratory from many directions 
md viewpoints. Observations and measurements are the 
bricks in the structure of knowledge. Proper coordinations 
of these are actually evolving the sciences and increasing 
the practices which spring from them. 

_ Among our major questions as we survey Nature’s 
laboratory is, What is sunlight? Another question equally 
important in many ways is, What is skylight? To answer 
| these questions it is necessary to measure the radiant energy 
of various wavelengths and to ascertain, also by means of 
meaningful measurements, the effects of energy of various 
wavelengths and to discover unknown effects. In such 
fields as biological effectiveness of radiant energy, it is 
reasonable to assume that the unknown is still a far greater 
realm than the known. But enough is known both in detail 
and in generalization to warrant an ever-increasing interest 
in Nature’s outdoor laboratory of life and energy. The 
knowledge gained from systematic observation and meas- 


urement of sunlight and skylight, and their effects upon 
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30 
living and even lifeless things, is basically important inl 
countless ways. 

Certain variations in sunshine an 
of the sky are obvious hourly, daily and seasonally. The 7 
daily variations are in part analogous to those due to lati 
tude. However, there are factors such as ultraviolet ang 
infrared energy which vary greatly and unobviously. The 
composition and mass of the atmosphere cause great varia. 
tions. The effects of smoke and dust are sometimes obyj__ 
ous. The effect of water-vapor and the concentration of 
ozone are not obvious. A clear blue sky may appear the 
same on one day as another but the radiant energy from 
the same patch of blue sky on two different days may { 
differ considerably. We see sunlight reflected from a cloud 
but we do not see the ultraviolet energy also reflected from 
the cloud just as efficiently as it is reflected from freshly | 
fallen snow. | 

These obvious and unobvious variations complicate 4 
the problem of standardizing sunlight or skylight in terms 
of energy of different wavelengths. Further complications” 
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effect of that energy. This effect may be biological such 


chemical or physical as in the case of non-living substances, ” 
The effects upon living cells and organisms are likely to be” 
physical, chemical and biological, complexly combined, 7 
Some effects are delayed in the matter of time. They may _ 
be interesting as short-range or long-range effects. Thus 
the importance of sunlight ranges in interest from effects 
of the immediate present to those involved in bio-climatol- 
ogy and beyond. 

It is not the purpose of this book to invade the many — 
avenues of ultimate effects of sunlight, skylight and similar” 
radiant energy from artificial sources which now challenge 


d in the appearance | 


arise in weighting the radiant energy according to a given 


as erythemal, antirachitic or tanning. It may be purely © 


ees 
i” 
yb 
‘* 


3l 


d Skylight 
om decades of research by the author and his 
lving measurements of radiant energy and 
Beme of its major effects, knowledge is available that is 
’ enerally overlooked and even absent in applications of 
fant energy from the sun or similar energy from arti- 
<4] sources in research and practice. Much of the pub- 
4 material involving the use and effect of radiant 
Tov js at best only of qualitative value owing to the 
Bice of meaningful quantitative measurements of energy, 
ectrally and otherwise. Laurens,” Duggar,? Mayer,* Ellis 
4 Wells,’ Spoehr,”° Blum,” Huntington,® and others have 
plished extensive treatises on effects of radiant energy. 
| work aims to supply the basic foundation of 
s of radiant energy of various wavelengths 
sd their effectiveness in certain major ways as already 
dicated in Fig. 2. Such a foundation of measurements, 
Hevices and techniques is of importance in an increasing 
ariety of research and practice. 
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AD IANT ENERGY FROM THE SUN 


j The spectral range of energy from the sun at the 
brth’s surface, if the atmosphere were not present, is illus- 
rated by the upper curve in Fig. 10. The effect of atmos- 
heric absorption is shown by the lower curve which is 
airly representative of spectral energy measurements made 
‘sea-level on a clear day with a moderate amount of 
yater-vapor in the atmosphere. ‘The vertical scale of values 
lay be considered to be microwatts of energy (in each 
dectral band having a width of 100 Angstroms) on a 
prizontal surface of one square centimeter at noon pro- 
fided the day is a very clear one. On many clear days in 
ie temperate zone the energy values are considerably less 
fan these. However, for the present the absolute values of 
lerey are not important. The locations of the absorption 
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are shown by the black areas. 
It is fairly obvious from Fig. 10 that the amount st 


ultraviolet in solar energy is greatly affected by the absorp 
tion band of ozone. The short-wave limit of the ultraviole, 


SOLAR ENERGY OUTSIDE ATMOSPHERE 


SOLAR ENERGY AT SEA-LEVEL 


MICROWATTS PER SQ. CM. PER 100 ANGSTROMS 


VISIBLE INFRARED 


24000 


4000 8000 12000 


16000 20000 
WAVELENGTH (ANGSTROMS) 


Fic. 10. The spectral distribution of radiant energy from the sun which 
reaches the earth’s surface on a very clear day. The effects of atmos- 


pheric absorption in the various spectral regions are indicated approxi- 


mately by the black areas. 


is greatly affected by the concentration of ozone. This can _ 
only be illustrated convincingly by plotting the short-wave _ 
portion of the ultraviolet spectrum on a large scale. How-_ 
ever, the energy outside the atmosphere is only of passing 
interest. We live near the bottom of this ocean of atmos- 


phere. 


Another obvious fact is the great absorption of infra-— 
red energy by water-vapor. It is commonly considered that — 
the average amount of water-vapor in the atmosphere on 
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bands of water-vapor, carbon dioxide, oxygen and Ozon 
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| js approximately equivalent to an inch of water 
ate but this varies greatly over the earth. The 
‘orption of infrared adds materially to the coolness of 
.. s an illuminant. This aspect of light is considered 
y ght a apter dealing with common illuminants and the 
- of water which is illustrated in Fig. 3 is further 
i in the chapter dealing with infrared energy. 
Bi cnately one-half the total solar energy reaching the 
bs surface at noon on a clear day in summer is in the 
“4 rum. 

ne who has spent decades in the fields of light, 
jant energy, vision and seeing it becomes an obvious and 
4 g fact that human eyes evolved to utilize sunlight 
or) efaciently. It is seen in Fig. 10 that the visible Li 
ym, the region to which the human visual sense responds, 
the dominant part of the solar spectrum. It is also the 
ast affected by the atmospheric absorption bands shown. 
here are limits to the spectral range which a simple lens 
» utilize without excessive chromatic aberration. This 
d other details reveal that the visual sense of human 
ein gs is very well adapted to utilize the best spectral range 
solar energy for seeing. It has seemed to the author that 
is is one of the most striking facts of evolution and adap- 
jon to environment among the countless array of such 
cts. Considering its importance in many ways this strik- 
e fact has been relatively ignored. 

The total solar energy reaching a given surface varies 
nsiderably with the amount of water-vapor in the atmos- 
mere. Therefore, the intensity of solar energy varies greatly 
rer the earth from arid to humid regions. Naturally this 
ation is further increased by the amount of air or the 
mass through which the solar energy must pass. This 


ties with the daily variations in the altitude of the sun 
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and with the variations due to geographic latitude. Fig, 19 
hints at the fact, which has been verified by many Measure, 
ments, that the intensity of visible and even ultraviole, 
energy at noon does not differ greatly in the temperatg 
zone from that in the tropics. Contrary to common assump. 


tions, the actual level of illumination at noon on a clear day, 
in midsummer is not appreciably less at 40° latitude than a, 
the equator. Even the erythemal effectiveness of sola, 


energy does not differ markedly in the two cases, consider. 


ing the variations even at a given locality. : 


According to Abbot, the maximum intensity of solar 
energy or radiant power at sea-level near Washington, 


D. C., varies from 75 to 95 watts per sq. ft. on a horizontal 
surface. Actually the watt is a unit of radiant power. The 
watt-hour is a unit of energy. At the top of Mt. Whitney, 
nearly three miles above sea-level, the intensity of solar 
energy or rate at which it falls on a horizontal surface wag 


found by Abbot to be about 115 watts per sq. ft. In Cleve- 


horizontal surface on average clear days in midsummer was 


found by A. H. Taylor to be about 80 watts per sq. ft, 
Data for various spectral ranges are presented in Table II, 
Inasmuch as we shall deal considerably with microwatts 7 
per sq. cm., the data are also presented in terms of this unit | 
of radiant power. One watt equals one million microwatts 
and one watt per sq. ft. equals 1076 microwatts per sq. cm, — 
Inasmuch as various units are used to measure intensity of - 
radiant energy and radiant power, the following approxi- 


mate equivalents may be helpful. 


1 milli-calorie per minute per sq. cm. 
0.001 gram-calorie per minute per sq. cm. 
0.07 milliwatt per sq. cm. 

70 microwatts per sq. cm. 

700 watts X 10~? per sq. cm. 

700 ergs per sq. cm. per sec. 
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land, Ohio, the maximum intensity of solar energy on a 
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@ TABLE II 

i f Solar Energy or Radiant Power on a Horizontal 
ae ee... Midsummer Days at a Suburb of Cleveland, Ohio, 


Whose Latitude Is 41.5° N. 
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3 Watts Microwatts 
Spectral Range per Sq. Ft. per Sq. Cm. 
| tt 1,180 
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Longer than 7,000 
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' Such a shower of radiant energy upon the earth’s sur- 
a as indicated in Table II, if continued for one year, 1s 
mn cient to melt a layer of ice about 300 feet thick. An 
re of ground will receive from spring until fall a total 
sount of solar energy equivalent to several hundred tons 
E coal. Ihe heat value of the crops produced under this 
blar energy is equivalent to less than a ton of coal. Plants 
tually utilize only about one percent of the solar energy 
cident on their leaves. 
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SUNSHINE AND CLOUDINESS 

" -Water-vapor in the atmosphere, by absorbing infrared 
nergy; causes considerable variation in the amount of solar 
nergy reaching the earth’s surface. In a more obvious way, 
sndensation into fogs, clouds, mists and rains causes still 
feater variations. A thick layer of clouds has much the 
same reflecting and transmitting characteristics as a few 
iches of freshly fallen snow. If the cloud layer is just thick 
nough to render the sun invisible to an observer on the 
arth’s surface, much of the solar energy incident upon the 
loud layer is reflected outward into space. The long-wave 
Mfrared is diffused less than the short-wave infrared and 
fisible energy. However, as is obvious from the measure- 
lent of light, cloudiness causes enormous variations in the 
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solar energy reaching the earth. The amount of ultraviole, 
energy is reduced by cloudiness even more than light jy — 

_ In a country as large as the United States and with © 
conspicuous mountain ranges, it is not surprising that the — 
duration of sunshine and cloudiness varies greatly over the 


PERCENTAGE OF POSSIBLE SUNSHINE, WINTER 
(DEC-FEB) 


BASED ON 200 FIRST-ORDER 
WEATHER BUREAU STATIONS 
PERIOD 1899-1938 


Fic. 11. Percentages of possible sunshine averaged over four decades 
by the U. S. Weather Bureau for December, January and February. 


entire country. Actually, cloudiness of some areas in the 
northeast and northwest sections is as great as 70 percent 


of the total hours of sunshine that are possible in winter. — 


In other words, in these sections, the actual hours of sun- 
shine in winter are only 30 percent of the possible. This is 
illustrated in Fig. 11 whichis based ® on data obtained by 
200 first-order Weather Bureau stations over a period of 
40 years. Similar data for summer are presented in Fig. 12. 
Even during the three summer months there are very large 
areas over which cloudiness occupies 30 percent of the 
total possible hours of sunshine. 
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The maximum duration of possible sunshine varies 
a h the Jatitude and the time of year. The possible dura- 
a f sunshine at the equator varies approximately from 
. ‘ hours daily during the entire year. At a latitude of 
By the possible duration of sunshine varies from about 


ERCENTAGE OF POSSIBLE SUNSHINE, SUMMER. 
(JUNE-AUG.) 


———— 
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x : . four decades 
Fic. 12. Percentages of possible sunshine averaged over 
| ‘ the U. S. Weather Bureau for June, July and August. 


8 to 16 hours from midwinter to midsummer. At a latitude 
of 60°, the variation is from about 6 to 19 hours. In high 
Jatitudes the effect of the inherently lower altitude of the 
‘sun in summer is compensated to some degree by the long 
hours of possible sunshine. Some plants, for example, profit 
by the long day notwithstanding the short summer. In 
“Table III is shown the maximum possible duration of sun- 
‘shine ° for various latitudes for the shortest and longest 
days in the year. 

_ In Fig. 13 the seasonal effect upon the duration of 
‘possible sunshine is combined with cloudiness for the entire 


slight and Skylight 
3 the earth and particularly upon the biologically- 
Itraviolet energy. The sky compensates for this 
ee as shown later. 
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year in the vicinity of Cleveland at 41.5° N. latitude. Th; 
illustration will apply to any locality of the same latitudl ' 
by altering the boundary between sunshine and clouding 4 
to fit the records for that locality. By reducing the avera 7 | 
cloudiness somewhat, Fig. 13 . becomes approxi 
representative of the average for the entire country. 
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TABLE III 


Maximum Possible Duration of Sunshine for the Shortest and Longest D 
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from zero degrees to a maximum and to zero degrees again, q 
During this course solar energy passes through a maximum | 
mass of atmosphere at sunrise to a minimum at noon and_ 
again to a maximum at sunset. The effect of solar altitude _ 
and atmospheric absorption is well illustrated in Fig. 14 
by the variation of illumination measured in footcandles 7 
on a horizontal surface. However, the effect upon the q 1 
infrared and ultraviolet energy reaching the earth is even 
still greater, as is evident later. 

When the sun is overhead or nearly so, the solar 1 
energy passes through one;atmosphere or one air-mass. At — 
noon on December 21 at 40° N. latitude the solar energy | 
must pass through atmosphere approximately equal to an — 
air-mass of 2.4. During the early daylight hours on any day — 
of the year the air-mass is much greater. Thus altitude of — 
the sun has a profound effect upon the solar energy | 


Latitude December 22 June 21 
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ic. 13. The seasonal variation of sunshine, cloudiness and darkness in 
he vicinity of Cleveland at 41.5° N. latitude. By reducing the cloudi- 
ess somewhat, this is approximately representative of the average for 


he entire United States. 
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an visible energy. Blue light is scattered 
sacred range, or Et ihe This accounts for 
Bs, color of the sky, for skylight is entirely scattered 
plus The particles of condensed water-vapor are large 
li . ompared with the wavelengths of solar energy. 
ore, fogs and clouds do not appreciably scatter sun- 
4 ee ivciy Clouds do not appear bluish by trans- 
} s light but are the color of the light illuminating them. 
hat light is a combination of direct sunlight and the light 
a the sky above the clouds. The color of light from an 
a cast sky is that due to combined sunlight and skylight. 
: i Without this scattering of solar energy there would be 
: skylight. In place of the blue sky of a clear day there 
eald be a dark night sky in the daytime. Stars would be 
sible and the glare of the sun would be relentless in a 
ick sky. Shadows would be harsh and dark in the day- 
me. Lhey would be black unless receiving light reflected 
7 other objects. There would be no dawn or dusk. The 
a sition from day to night would be abrupt with no 
il ight interval. 
' The magnitude of this scattering of sunlight is illus- 
: ed i in Fig. 14 for a clear day in midsummer. The effect 
f the sun’s altitude is shown by the variation of light, 
jeasured in footcandles on a horizontal surface. On un- 
sually clear days in temperate and tropical zones the inten- 
ity of illumination due to direct sunlight sometimes may 
€ as great as 8000 footcandles on a horizontal surface when 
ne sun is at the zenith. On such days the sky—scattered 
inlight—contributes about 2000 footcandles or about 20 
ercent of the total light on a horizontal surface at noon. 
he contribution of skylight throughout the day varies 
lich less than that of sunlight. The illumination on a 
orizontal surface due to sunlight and skylight rarely 
saches a maximum of about 10,000 footcandles. 
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LIGHT AND LIGHTING OUTDOORS 


At the bottom of the ocean of atmosphere human, 
beings, and all living organisms and non-living matter, are 
in an environment determined in part by this great filter of. 
atmosphere. If this filter of air suddenly became transparent 
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Fic. 14. ‘The variation of sunlight and skylight measured in fotandl 
on a horizontal surface on clear days in midsummer. 
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to solar energy of all wavelengths, all living things would | 
be destroyed by the short-wave ultraviolet energy to which © 
they are not adapted. 
Besides absorbing solar energy, particularly in the 
short-wave ultraviolet region, the atmosphere scatters some 
of the solar energy. It does this selectively; that is, it scatters © 
energy of short wavelengths more than energy of longer 
wavelengths. ‘This is evidenced by the blue sky. The mole- 
cules of gases are comparable in size with the wavelengths _ 
of solar energy. As a consequence short-wave infrared is J 
scattered more than long-wave infrared. Ultraviolet energy © 
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As we ascend in altitude, the skylight decreases and 
the sunlight increases. At an altitude of 23,000 feet above 
the earth on a cloudless day, the author found that sunlight 
was 96 percent of the total light on a horizontal plane, 
Even at that altitude much of the “sky” is already below 
the observer. 


The intensity of ultraviolet energy increases somewhat 


with altitude but the short-wave limit of sunlight is not 


appreciably extended when the atmosphere is clear. Much 
of the effect of the absorption band of ozone apparently ig 
still above the observer even at high altitudes. The ultra- 
violet energy from the sky is discussed later in this chapter, 
Daylight as an environmental factor is also of interest 
from the viewpoint of vision and seeing. Footcandles are 
misleading in these respects. Brightness is what we see, 
Brightness also determines adaptation of the visual sense, 
its acuteness and its sensitivity to brightness differences. In 
general, the visual sense is most effective and seeing is easiest 
at the brightness-levels of common areas confronting us in 
the foreground and middle distances of landscapes. These 
are brightness-levels of between 100 and 500 footlamberts 
on a sunny day. A footlambert is the brightness produced 
by one footcandle on a perfectly diffusing and perfectly 
reflecting white surface which reflects all the light incident 
upon it. The ideal brightness-levels for seeing are appar- 
ently obtained by levels of illumination somewhere between 
100 and 500 footcandles on a perfectly white surface or by 
1000 to 5000 footcandles on a gray surface which diffusely 
reflects only 10 percent of the incident light. Daylight 
intensities and brightnesses outdoors in the daytime—even 
light itself—have been grossly ignored in the development 
of the science of vision. The more inclusive science of 
seeing has given them their proper importance. 
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than th 
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q ” the day and the year, the average level of illumination 
in 


j hetween dawn and dusk in the temperate zone is probably 
of the order of one-fourth the maximum. Some instances 
"of localized lighting indoors by means of artificial light 
have already approached this average outdoors. 


these difficulties involved in making measurements, the fact 


The average level of illumination outdoors is far less 
e maximum of 10,000 footcandles. Taking into ac- 
loudiness and the changing altitude of the sun dur- 


Artificial light-sources have successfully challenged 


the sun in some respects. Any quality or spectral character 
1 of daylight outdoors can be fairly well simulated by arti- 
i fcial light at the present time. Light from fluorescent lamps 
| 4 proximates the coolness of daylight. In other words, the 
4 radiant energy per footcandle is of the same order of mag- 
} nitude. Nature’s lighting, whether it be the indirect li ghtin g 
4 from an overcast sky or a combination of direct sunlight 
| and diffused skylight, can readily be duplicated in artificial 
{ lighting. Studied with discrimination, Nature provides 2. 
| helpful textbook in the realms of light, color, lighting, 
_ yision and seeing. Human beings cannot escape the influ- 


~ ences of Nature’s light and lighting. They have left their 


permanent marks upon human beings, physically, physio- 


logically and psychologically. Only an inexcusable egoism 
blinded by its inexcusably narrow prejudices can ignore 
| Nature’s powerful and omnipresent environmental factors. 


{ ULTRAVIOLET COMPONENT OF SOLAR ENERGY 


The obvious and unobvious variations in atmospheric 


f absorption make it very difficult to standardize solar energy. 
The steep rise of the spectral energy near the short-wave 


limit of the solar spectrum makes it necessary to use a very 
narrow spectral band in energy measurements. Adding to 
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that the ultraviolet energy near the end of the solar spec. 
trum is a fraction of a thousandth of the total solar energy, — 
b>] q 
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Fic. 15. The spectral distribution of energy in the short-wave half of 
the ultraviolet spectrum of sunlight averaged for typical clear days 
during summer months in the vicinity of Cleveland. 


one readily realizes the great difficulties involved in making — 


measurements. However, all these must be surmounted for 
the ultraviolet energy near the end of the solar spectrum is 
exceedingly important. 
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Fig. 15 is presented the spectral distribution of 
‘n the short-wave half of the ultraviolet spectrum 
ht during midday on what we consider to be 
pical clear days during the summer months. 
lotted on a vertical logarithmic scale in order 
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Fic. 16. A demonstration of the extreme steepness of the spectral en- 
“ergy distribution near the short-wave end of the solar spectrum. B is 


plotted on a scale 10 times that of A. 


to encompass the great range in absolute values of energy. 
The data are for spectral bands 25 Angstroms wide. If data 
are desired for spectral bands 100 Angstroms in width, the 
energy values in 4 bands are added. 

_ An idea of the steepness of the spectral energy distri- 
bution curve of sunlight is obtained from Fig. 16. For this 
purpose, only relative values of energy are presented. [he 
curve labeled B is plotted on an ordinate scale 10 times that 
of the curve labeled A. Therefore, in considering B in con- 


than 43100. 
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Fic. 17, Computations by Forsythe and Christison of solar energy 
shorter than 3100 reaching the earth’s surface during various months 
of the year. These values do not include skylight which is now known 
to contain much short-wave ultraviolet energy. 
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Forsythe and Christison using the data of Abbot,2? 
Fabry and Buisson, and others computed the maximum 
solar energy in various spectral bands for a standard atmos- 
phere of various air-masses corresponding to the altitude of 
the sun at noon at various periods of the year. Fig. 17 is 
plotted from the results of their computations. They found 
that the solar energy shorter than 43100 which was re- 
ceived on a horizontal surface at noon in midsummer (air- 
mass = 1) was 24 microwatts per sq. cm. At noon in 
midwinter, with an air-mass of about 2.4, the computed 
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nection with the ordinate values the latter should be te. 
duced to one-tenth. However, this illustration is introduced | 
solely for the purpose of emphasizing the very steep rise in _ 
the spectral energy in the very important region shorter © 


plight and Skylight sc 
4 was only 0.17 microwatt per sq. cm. However, these 
y a rations were based upon energy measurements near 
a wave limit of the solar spectrum which were not 
4 a endable as those now available. Furthermore, these 
Be ataion: of solar energy obviously do not include 
BE ewrherc + the author weighed these computed values 
4 ‘th others by Coblentz and Stair“ and by BECDers and 
with measurements by Greider and Downes, and 
Tuckiesh, Holladay and Taylor.” The conclusion at that 
time was that a value of 42 microwatts per sq. cm. was a 
reasonable value for the total energy shorter than 43100 
received by a horizontal surface at midday in midsummer 
‘on clear days at Cleveland. Lt. 
- Jnasmuch as the computed values indicate that the 
‘amount of direct solar energy shorter than 3250 is ten 
Bimes the amount shorter than 43100, it 1s obvious that 
experimental methods other than actual spectral energy 
‘measurements may differ considerably. Computations also 
"may be misleading if they deal solely with direct sunlight. 
' The sky contributes considerable erythemally-eftective en- 
ergy shorter than A3100 which does not diminish with 
‘decreasing altitude of the sun as rapidly as this energy in 
‘direct sunlight does. However, all these methods and values 
“have been helpful steps in the evolution of knowledge of 
‘sunlight and skylight. 
"In Table IV are presented the latest results by a 
" colleague, A. H. Taylor, who has developed many devices 
for measuring radiant energy and has refined our techniques 
for many years. These results take into account both sun- 
» light and skylight received on a horizontal surface during 
the midday hours on clear days in midsummer. The illumi- 
“nation of the surface due to the sun and sky averaged about 


a. 
a! 
4 


a 
_ 


8500 footcandles. The contributions of skylight in the 
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only necessary to add the values in that range. 


TABLE IV 
Intensity of Energy 


Cleveland, Latitude 


Skylight 
er 

es ee Sk os . Total r Sunlight Skylight Total 
ei se aa : eee 5200 492 168 660 
5G e a o 5 5300 514 162 676 
aa ibe a ey 5400 535 158 693 
ee o ae 4 5500 535 154 689 
a 6 233 5600 ~ 525 146 671 
a ro ie 259 5700 525 138 663 
shee es a 325 5800 514 132 646 
a a =e 333 5900 508 124 632 
pie res $e 433 6000 503 118 621 
ee she ae 548 6100 492 113 605 
yee ie a 600 6200 486 110 596 
Fie ae ; 13 617 6300 475 107 582 
oe re a 627 6400 464 102 566 
a0 a as 669 6500 459 97-556 
pa a oa 726 6600 453 93 546 
aaa Br 7 743 6700 459 92 551 
pa ee 18 743 6800 481 91 S72 
OO ena (ce es 
5100 508 184 692 ae a : 


Re 
— discussed later, we determined the erythemally- 
si . energy received on a horizontal surface from the 

and entire sky over a continuous period of six years 


Sunlight and Skyligh; 


ultraviolet region were determined by other means haa | 
direct energy measurements. The contributions of th al 
in this spectral range were determined by chicane 9 
spectral energy. Other data were also considered in d ~ 
mining the values presented in Table IV. It will be nll | 
cr a aoe BN We for spectral bands 50 Anetra q 
le. erore, 1f the total energy is desi 
a given wavelength or between = two ste aa ' 
Sat :. 


or Radiant Power in Microwatts 
| : S $  _ 
Zon uttace alive Midday on a Typical Clear Day n rae Gg 
Laver ve a N., for Each Spectral Band of 50 Angstroms c a 
Pal ere. fue avelengths. The Intensity of Illumination on the Wt 
veraged About 8500 Footcandles of Combined Sunlight a a 

nda 
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and Skylight 
Fig. 18 represent the erythemal energy falling 
ce at noon on all sunny days for a period of 
935 and 1936. The method and the results are 
Luckiesh, Taylor and Kerr.” 


energy are expressed in E-vitons 


The dots on 
a rhe sur fa 
g 1 
Jescribed elsewhere by 
ralues of the erythemal 


ND {S 73 DEGREES 


MAXIMUM ALTITUDE OF SUN AT CLEVELA\ 


DEGREES OF SOLAR ALTITUDE 


measurement of the erythemally effec- 
sun and entire sky to a horizontal sur- 
near Cleveland during - 


Fic. 18. Each dot represents a 
“tive energy contributed by the 
face during midday hours on all sunny days 


1935 and 1936. 

per sq. cm. This unit, which was developed for the purpose, 
is completely described in a later chapter. Here it is sufh- 
“cient to state that an E-viton is equivalent to 10 microwatts 
4 of energy at 2967 in erythemal effectiveness. The unit 
provides a means of weighting spectral energy in accord- 
ance with its erythemal effectiveness just as spectral visible 
“energy is weighted in accordance with its production of 
luminous sensation or light. One E-viton per sq. cm. inci- 
dent for 40 minutes on average untanned skin produces an 


_ MPE or minimum perceptible erythema. 


a 


00 Sunlight and Skyligp 


Fig. 19 differs from Fig. 18 in showing the effect -4 
solar altitude during the day. The erythemal effectivenee. 
of the energy received by a horizontal surface from bal 


the sun and sky is expressed in E-vitons per sq. cm. fron 


9:00 a.M. until 5:00 p.m. on typical clear days in spring 


E-VITONS PER SQ.CM 


TIME OF DAY (EST) 


Fie. 19. Showing the effect of solar altitude upon the intensity oft ) 
erythemally effective energy from the sun and entire sky on typical — 
clear days in April, June and September in the vicinity of Cleveland, 


summer and fall, respectively. Inasmuch as an E-viton per la 
sq. cm. acting for 40 minutes on average untanned skin will 
produce an MPE, it is seen that the time required at noon 


on April 13 was about 50 minutes. At noon on June 15 
only 17 minutes are necessary. 


ERYTHEMAL EFFECTIVENESS OF SKYLIGHT 


The ultraviolet energy from the sky has been generally ¥ 
ignored or neglected. That it is important is illustrated by © 
Fig. 20 for two clear days, May 21 and September 10. The 
solar energy is readily eliminated by casting a small shadow — 
on the sensitive cell used.*® It is seen that on May 21 the 
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7, 
4 
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) 

1 
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a 
a 
Oe 
OE 


pt and Skylight = 
4 ited more erythemal energy throughout the 
a he sun, excepting for a period near noon. On 
than t 10 fie sky contributed much more erythemal 
. oughout the entire day than the sun did. These 
8 .. were made on a horizontal surface in the 


nity of Cleveland. 


F 


U 


| ——/ |_spom. 


TIME OF DAY (E.S.T.) 


a The ultraviolet energy from the sky which is erythemally 
active has been very generally ignored. Actually on clear days the 


y 


a tire sky often contributes more erythemal flux than the direct sun- 
4 ieht on a horizontal surface. 


| "Many such records and other data testify to the effec- 
7 yeness of skylight in producing erythema and tan, in 
q eventing and curing rickets, and in other ways. Many 
ersons have been surprised at the degree of sunburn ac- 
red on the beach and elsewhere while shielding them- 
ves from the direct sunlight. With such data as illustrated 
Fig. 20, skylight from a large area of sky on clear and 
en hazy days may well be considered as a competitor of 
fect sunlight. | 


h 
, 


} 
wy 


iy 
i 
V 


y 
AR 


at 
7 


1. 
i 
i 


mt 
} 
x 


52 
In Fig. 21 the sky-dome is illustrated and divided 


than the lower zones. The 


IN EQUIANGULAR ZONES (10°) 


Fic. 21. Showing the 


months. 


surface is not horizontal, the contributions of the various 
zones are altered. 

The relative intensities of erythemally-effective energy 
from equal areas of the sky in various zones from the 
horizon to the zenith are presented in Table V. These 
values are averages of measurements made in May, August 
and September for equal areas of clear sky in a direction 
perpendicular to each sky area, respectively. It is seen that 
the intensity of erythemally-effective energy from equal 
areas of sky does not fall off very rapidly from the zenith 
toward the horizon. This is also indicated in Fig. 20. The 
erythemal energy from the sun decreases far more rapidly 


Sunlight and Skyligh, 
INtg 
10-degree zones. It is seen that the upper zones are More - 
effective in contributing energy to a horizontal surface 
percentages of the total ultra_ 
violet energy for the various 10-degree zones and also for 
zones of equal area are indicated. Of course, if the receiving 


percentages of erythemal energy reaching a hori- 
zontal surface from various zones of the sky from the horizon to the 
zenith. The percentages are presented for equal-angle zones and for 
equal-area zones, respectively, for typical clear days during the summer 


q 53 
light and Skylight 


__.. altitude of the sun decreases from the zenith toward 
ys the @ on. These facts pertaining to the erythemal effec- 
Be Bone f skylight reveal the gross errors of ignoring the 
. ae relying solely upon measurements and com- 
yt ons of direct solar energy. 

4 


TABLE V 


i iti Sky at Different 

let Intensities of Equal Areas of Clear 
Pesce the Zenith for the Months of May, August and September. 
: ments Were Made in a Direction Perpendicular to Each Sky Area 


Relative 
Distances 
2 *he Measur € 


Degrees from Zenith Relative Intensity 


0 to 10 100 
10 to 20 87 
20 to 30 85 
30 to 40 81 
40 to 50 79 
50 to 60 74 
60 to 70 64 
70 to 80 52 


From many measurements throughout the day = 

many clear days, the data plotted in Fig. 22 bi slag i 
It is seen that the erythemal energy from the sky a c se 
days as measured on a horizontal plane is greater t “a4 tha 

from the direct sun for even high altitudes of the sun. 
When the sun is at low altitudes the contribution of ery- 
| themal energy to a horizontal surface by the entire es 1S 
much ereater than that by the sun. It is emphasized that 
these measurements are on a horizontal plane where the 
intensity of sunlight suffers greatly, owing to Lambert's 
Jaw, when the sun is at low altitudes. The sky being always 
a dome in a fixed position, its contribution to a horizontal 
plane is constant, as far as Lambert’s law 1s concerned, if 
the relative intensities of various sky areas remain unchanged. 


‘A SIX-YEAR RECORD OF ERYTHEMAL EFFECTIVENESS 


By means of an automatic recording device developed 
by A. H. Taylor, the erythemal effectiveness of radiant 


1 
y 
' 
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energy incident upon a horizontal surface was summarized 

for each hour daily for a period of six years. Great care Was sf 4 horizontal 

exercised in the development of this device to obtain . on 4 ntire sky 

eats ; 4 na © ‘ 

spectral sensitivity equivalent to the spectral erythema] 4 th respectively, 
q 1 on 9 


eats of erythemally-effective ultraviolet energy 
— lane which received energy from the sun 
The hourly results combined into each 
are shown in Fig. 23. The records of | 


effectiveness of energy in the short-wave region of the U.S Weather Bureau for the same vicinity were also 
| he U. > 
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q 5 FOR EACH MONTH 
4 a oR EACH MONTH (6-YEAR AVERAGE) 
; 300— re year AVERAGE) (LIGHTING RESEARCH LABORATORY, CLEVELAND) 
7 4 : UREAUD 
, @ (u.s. WEATHER © 
t ry sy 
. i Bea ULTRAVIOLET ENERGY 
q } (a Sule BM (eR THEMALLY WEIGHTED) 
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HOURS PER SQ: 


RATIO OF SKY COMPONENT TO SUN COMPONENT 


°o 


50 60 70 80 
SOLAR ALTITUDE IN DEGREES 


Fic. 22. Showing the ratio of the intensity of erythemal flux from the q 

entire sky to that directly from the sun. These data are averages of . 4 

ats a made on a horizontal plane on many clear days. Obvi- — » ° 

ously the total erythemal flux from the entire sky, as measured on q _ 4 : rythemally- 

horizontal plane, is greater than that contributed By uineee sunlight even Fic. 23. Results of a continuous record of Seal Stine 

for high altitudes of the sun. ; effective ultraviolet energy (erythema 4 We icy. The average hours 
"which received energy from the sun and entire sky. 


: ds of the 
° ° :  . a ; d cloudiness were compiled from the recor 
spectra of sunlight and skylight. Such a method yields | 4 Da cher Bureau for the same vicinity (Cleveland). 
valuable data for any source of ultraviolet energy which a 


does not emit appreciable energy shorter than 2800. Until 7 : summarized into months and averaged for the six years. As 3 
more is known of the spectral effectiveness of ultraviolet _ far as we know this is the longest continuous record avail- 
energy for various applications, such methods will have to | able in terms of measurements that are meaningful. For the 
suffice. Naturally when ultraviolet energy is applied to “9 q sake of interpretation it is repeated that a dosage of two- 
human beings, erythemal effect upon the skin must be taken — thirds of an E-viton hour per sq. cm. results in a minimum 
into account. This matter is discussed in detail in a later 7 perceptible erythema, or MPE, on average untanned skin 
chapter. according to our determinations over many years. 
Luckiesh, Taylor and Kerr **?° have recently summa- : In Fig. 24 are presented the percentages of the total 
rized the results of this six-year continuous record of - annual erythemal energy for each month of the year. These 
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centage of the total annual sunshine is also 
month averaged for six years. It is seen t 
percentages of total erythemal energy are 
for the fall months than for the spring m 


hat the monthly 
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Fig. 24. Averages obtained from six 
of the total erythemally-effective ul 
zontal surface directly from the sun 
month of the year, 


years of continuous measurements 
traviolet energy reaching a hori- 
and from the entire sky for each 


this generalization is neither safe nor important. It can be 
easily upset due to atmospheric conditions in a given geo- 
graphical area where seasonal conditions are markedly 
different than elsewhere. 

The data are presented in Table VI for each month for 
an average of six years. It is interesting to compare these 
monthly values with those in F ig. 17 which were computed 
for the sun alone. In the latter case no consideration of 
skylight is included. | 
The average total annual amount of erythemally- 
effective ultraviolet energy varied considerably during the 
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values are averages for each month for six years. The per. | 
shown for each ' | 
q I¢ravio 
generally greater q 
onths. However, — 
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TABLE VI 


Hours of Sunshine 
Percent 
of 
Average Possible 
q\ 24 
98 33 
167 45 
221 55 
298 66 
305 67 
350 76 
292 68 
243 65 
178 52 
103 35 
66 23 
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] Ic. 25. ‘The eres total 
energy reaching a horizonta 
sky foe each week of 1935 and 1936. 
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six years. Of the years from 1935 to 1941, 1936 had the 
lowest value. The year 1939 had to be omitted for unl 
avoidable reasons. In Fig. 25, 1935 and 1936 are compared _ 
on a weekly basis. For 1935 the total erythemal energy was | 
2907 E-viton hours compared with. 2361 E-viton hours fon 
1936. The total MPE dosages for these two years Were 7 
4360 and 3540, respectively. The annual values for the Six 
years are presented in Table VII expressed in MPE dosages 
One of the latter is two-thirds of an E-viton hour per sq. cm, q ; 
TABLE VII : 


The Total Annual Number of MPE Dosages Received on a Horizontal Plane 1 
from Both the Sun and the Sky for Six Years q 


Year MPE Dosages 


1935 4360 
1936 3540 
1937 4090 
1938 4125 
1940 4900 
1941 4720 
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Spectrograms of visible and ultraviolet energy. 
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j osr obvious effect of short-wave ultraviolet energy 
.. i ht is sunburn or erythema. After sufficient expo- 
A SR cning results in varying degrees depending upon the 
_ B idual characteristics of the skin. The full biological 
4 nificance of erythema is not known, but it must neces- 
ily be taken into account in the practice of ultraviolet 
] erapy upon human beings. Obviously, too great an area 
‘of skin on which severe erythema is produced is undesirable 
ed actually endangers the welfare and even life of a 
‘uman being. In fact the destructive effect upon superficial 
avers of living cells and tissue limits the dosages of ultra- 
) violet energy for both animals and plants. 

"For many years the degree of erythema has been a 


© Guide to dosages applied in ultraviolet therapy. Erythema 


"% the limiting factor in the everyday use of sunlamps. It 
“must be the guide to the design of those installations of 
~ artificial sunlight which are likely to be widespread in the 


> future. There is no reason why we should not bring some 


» of the outdoors indoors. The beneficial effects of the ultra- 
" yiolet component of sunlight can be provided by artificial 


Te means. Light for seeing can be accompanied by biologi- 


q cally-effective ultraviolet energy for health. This the 
' author has termed dual-purpose lighting.** Such installa- 


© tions can be readily designed so as to produce a given 


' degree of erythema in the longest daily period during 
" which indoor workers would be exposed to it. It has been 


© shown by H. J. Gerstenberger that rickets can be pre- 


" vented and cured by daily dosages of ultraviolet energy 


which are insufficient to produce 4 minimum perceptible 
: 59 
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effectiveness relative to 42967 is not well 


a A It will be noted that the maximum near 2967 
a ncides with the maximum of erythemal effective- 
aly CO 


erythema (MPE) on untanned skin. Measurements of ¢.. 
themal energy in sunlight and skylight also verify um 
conclusion. 7 
The measurement of biologically-effective ultravioles. 
energy used to be so difficult that it could not be done py 
most of the medical profession which practiced ultraviolg 
therapy. As a result, many of the published results of thera_ 
peutic and biological benefits lack the great value of accy, 
rate spectral energy measurements. During recent years 5 
great advances have been made in developing relatively 
simple and sensitive devices. However, appraisal of dosages 
and sources of ultraviolet energy is bound to be made by 
the erythemal effect. Furthermore, many of the therapey 4 
tic and biological effects are deep-seated and indirectly a 
achieved. In addition to these facts, knowledge pertaining 
to the spectral effectiveness of ultraviolet energy for many, 
of these deep-seated and indirect effects is not available, 
For these and other reasons, erythemal effectiveness is q 
very important factor. ] 
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LET REGION NEAR ULTRAVIOLET REGION 


v ny ‘ @] 
F. DLE ULTRAV! 
i MID . 


GERMICIOAL 
EFFECTIVENESS 


ABSORPTION OF ERGOSTEROL 


PRODUCTION OF OZONE 


i y : 
VARIOUS ULTRAVIOLET TRANSMITTING GLASSES 


MAJOR EFFECTS OF ULTRAVIOLET ENERGY a 

It aids in appraising the importance of erythemal. ook 
effectiveness to consider briefly some of the major direct | ak 
effects of ultraviolet energy. Although they are treated in 3 
detail later, some of the plots of spectral effectiveness are | 
shown in Fig. 26. The portions shown with broken lines” 
indicate that knowledge or agreement is not entirely ade- 
quate. However, the maximum and the spectral region of 
effectiveness are fairly well established in each case. : 

The prevention and cure of rickets is well known to ~ 
be due to ultraviolet energy near the short-wave limit of 
the solar spectrum. Apparently the maximum effectiveness” 
of energy is near 42967. Ultraviolet energy of shorter 
wavelengths from artificial sources also has antirachitic 7 


4000 


3000 3500 
WAVELENGTH (ANGSTROMS) 


5. 26. Some major effects of ultraviolet energy of various wave- 
isths from the best data available. The lowest group of curves illus- 
ates the control of ultraviolet energy, produced by artificial sources, 
hich can be accomplished by means of glasses. 


Qess in that region. Therefore, erythemal effect is at least 
fough appraisal of the antirachitic effectiveness of dosages 
d sources of ultraviolet energy whose short-wave limit 
in the region of A2800 or 2900. The antirachitic value 
energy shorter than 42900 can readily be established by 
ing a series of filters with the quartz mercury arc which 
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would limit the spectr i 
rena Crete um at various wavelengths betwe 
The same comments apply to the activation of e ; 
terol or the production of Vitamin D in living tissue can 4 
skin as in non-living materials. In the production of e he 
min D on a commercial scale, quartz mercury arcs al 
long been used. A series of filters with different short a 
cutofts, as illustrated in Fig. 29, could be used to ae 
mine the effectiveness of the ultraviolet energy bet a i 
2000 and 42900. ‘There are indications that energy a a 
region of 42500 and 42600 is antirachitic through the a 
duction of Vitamin D. The use of germicidal lame 
poultry houses also yields some evidence in this resndall qq 
; The absorption of ergosterol for ultraviolet ener 7 of a 
various wavelengths indicates only the spectral re Be a ] 
which the activating energy is to be found. Grotthnes L oa 
is commonly misinterpreted. According to this law ia 
quately proved as a basis for the principle anunciated 1 q | 
radiant energy must be absorbed to produce an offs 7 q 
However, this does not mean that all radiant ener a | 
various wavelengths that 1s absorbed produces a a ) 
photochemical or photobiological effect. This fact a 
i kept bs mind when considering spectral absorptigal 
aie ergosterol or of any other compound. (See | q 
Inasmuch as the antirachitic effectiveness of ultraviolet ' 
energy apparently springs from the production of Vitamin : 
D in fatty substances, the spectral absorption curve of 
ergosterol, plotted in Fig. 26, has some significance. ‘This We produced by a given intensit 
1s oot true of the spectral absorption curves of other com- 3 zi 
sean baniiceryia beneficial or deleterious era | : 
As shown later, the germicidal effectiveness of ultra- q 
violet energy of various wavelengths-is fairly well estab- | d 
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ubcutaneous layers of the skin, the amount of Vita 
y of ultraviolet energy for a 


piven time, depends upon the area of skin exposed. 


| The color and spectral reflecta 
epend principally upon race, environment, exp 


63 


- um is in the region of 42500 to 42600. The 
‘on of egg-albumen and other living matter prob- 
allied to the destruction o 
-er. Therefore, the spectral effectiveness is 


26 in connection with ge 


f germs and of 
rmicidal effec- 


glimpses of the initial major effects 
energy which aid in appraising the signifi- 
emal effectiveness as We 
by H. J. Gerstenberger * that dosages 
insufficient to produce even a mini- 
thema (MPE) prevent and cure 
be produced in various degrees up 
4 vivid red which results in complete destruction of the 
the skin. These degrees cannot be very 
d or described. Therefo 
found it convenient to deal with MPE 
fractions and multiples determined by variations in time 
skin to a given intensity 0 


ll as its limitations. 


re, the author and 


f erythemal 


matter of time times intensity. 
tic effects which are indirect 
such as cure of rickets and 


uberculosis of the bone, the area of the exposed skin must 
e considered to be an additional factor in dosage. For 
exam le, if rickets are prevented by increasing calcium 
f Vitamin D in the fatty 
min D 


nce of human skin 
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susceptibility to tanning. Unless otherwise indicated all 
data presented here were obtained with socalled Ww 
persons of the Caucasian race. We have tested the skin o¢ 
many subjects over many years, thereby acquiring experi 
ence in determining what may be considered to be aver 
subjects. In fact, it becomes possible to predict with a ¢ Be 
siderable degree of accuracy the susceptibility to erythe 
energy and the probability of tanning by a casual obsenyil 
tion of the subject. With such experience one can scneml a 
point out the subjects who will readily “burn” with lit ( 
or no resulting tan. ) 

Although individuals vary greatly in the appearance a 
their skin, the variation in the reaction of their untannl 
skin to erythemal energy does not vary as much. The : 
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appearance and susceptibility of skin on various parts of | 
the body vary considerably due to its environment and 
previous exposure to ultraviolet energy. Any convenient 
area can be used for relative measurements. However 
if fundamental and reasonably absolute measurements ann 
desired, untanned skin should be used. We have found a 
convenient and reasonably satisfactory to use the skin o a 
the upper arm. This area is generally protected in everyda ! 
exposure outdoors. Unless otherwise stated this is the area’ 
of skin used. q 
The reflectance or reflection-factor of untanned skin | 
of white persons generally does not vary greatly among 27 
group of persons unless there are representatives of small. 
groups whose skin characteristics are extreme. For example, 
the reflection-factors of the untanned skin for light or 
visible energy for three persons, rated as a socalled blond, © 
a moderate brunette and an intermediate, were 51, 48 and. 
52 percent, respectively. In other words, the untanned skin © 
of the upper arm for most white persons reflects about 
one-half the incident light. { 
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Wavelength 


2400 
2600 
2800 
3000 
3200 
3400 
3600 


a and Tan 
q ‘on-factor of untanned skin for ultraviolet 
ower than for light or visible energy, and 
-is very low. The average values for 
lengths are presented in Table VIII 
ntative group of subjects. It 1S 
ly 4 to 11 percent of the erythemal energy 
0 is reflected by average untanned skin 
ords, from 90 to 95 percent of 


a es Bf Incident Energ 
(Luckiesh, Taylor and Holladay) 


Percent 


Wavelength 


4000 
4500 
5000 
5500 
6000 
6500 
7000 


Percent 
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y Reflected by Average Untanned Skin of White 


erythemal energy is absorbed by white untanned skin. 
S absorption-factor of the skin for energy of a given 
Bvelength is 100 minus the reflection-factor for that 
elength when ,these values are expressed in percent. 
hough the skin of a colored person reflects much less 
ht or visible energy than that of a white person, the 
ference is not nearly so marked for erythemal energy. 
fact the skin of a colored person will exhibit an erythema 
er exposures comparable to those which produce the 
@ degree of erythema on the skin of a white person if 
her has been greatly exposed to sunlight outdoors. 

As already stated, there is less variation in the reflec- 
te of the skin for ultraviolet energy than for visible 
fey. [his is partly due to variation in pigmentation 
hg to various degrees of tan. It is also due to the varia- 
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tions in depth of penetration of the incident energy of th 
skin of different individuals and of different areas of ‘ i 
of the same individual. | q 

In Fig. 27 are shown the reflection-factors for enero. 
of various wavelengths of the untanned skin of a fairly 
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re 


REFLECTION-FACTOR (PERCENT) 


2000 0 2800 3200 3600 4000 4400 4800 
WAVELENGTH (ANGSTROMS) 


Fic. 27. The reflection-factors of tanned and untanned skin of a fairly 
representative white person for ultraviolet and visible energy of various 
wavelengths. The spectral transmission of a thin layer of blood is also” 


shown. Its influence upon the spectral reflectance of white skin is evi- 


dent. f 
‘a 


average subject. Tne spectral reflection-factors are also 


shown for moderately tanned skin of the same subject. J 


Actually the spectral reflection curve, particularly in the 
visible region, is affected by light penetrating into the flesh — 
and then being more or less selectively reflected. The © 
curves in Fig. 27 reveal the influence of certain absorption — 
and transmission spectral bands of the blood. These bands — 
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s tot 
vere exposure 


) 0 to 23200 p 


jing known as hyperemia w 
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ple in some degre 
o he skin. 


e in the spectral reflection charac- 


MISSION OF THE SKIN 2 | 

aoe <kin of different areas of the body varies enor- 
o he thickness of the outer horny layer. However, 
ae are not very marked over much of the 
ge differen he skin is not subjected to hard usage and 
aa he sun and wind. For most of the skin, 
penetration of ultraviolet energy may be described as 


ows: | 
q enetrates very little, but kills surface organisms and can de- 
ms urface layer of skin. 

. 500 penetrates the horny layer 


ee 5 penetrates basal cells (stratum granulosum), produces some 


(corneum) and produces some 


00 to 2800 


E roduces erythema. 
Pe 3200 Bee iates the blood-vessel network (rete vasculosum), pro- 


sci : considerable pigment and erythema, stimulates sweat sy a 
qucin 


eympathetic nerves. 


Nn) to 43900 penetrates the corium, produces tan with relatively little ery- 
00 to 


hema. b us tissues, causing a redden- 
nA ; enetrates and heats subcutaneo > 
p> 814,000 P hich is an excess of blood in the network of 


capillaries and is quite different from erythema. 


: q Beginning with the surface of the skin, the principal 


yers at increasing depth are the horny layer or corneum, 
© basal cells or stratum granulosum, the network. of 


lood-vessels or rete vasculosum, the cortum and the sub- 


itaneous tissue. 
The transmission-factors of thin layers of skin, as 


letermined by Hasselbach,”* are presented in Table IX for 


ost of the principal wavelengths of the mercury spec- 
sum. The transparency of the skin decreases with decreas- 
o wavelength, but considerable energy can penetrate to 
depth of more than 0.1 mm. However, the erythemal and 
Mtirachitic energy, 42800 to 43200, does not penetrate in 


i 
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appreciable quantities to a depth of 0.5 mm. Actually, y 4 
little energy is necessary provided the exposure i a " 
enough. However, the data indicate the desirability ¢8 
exposing the areas of skin that are devoid of thick howl ' 


layers and are particularly transparent. ex 
; er arm. 
TABLE IX a Bn the 
q We use opaqu 
+ meters in diameter. After the erythema and the result- 


Different Thicknesses in Millimeters 
disappeared, the circular areas previously 


(Hassel bach) | 4 t an have | 
Percent Transmitted q osed can be seen when illuminated in a dark room with 


Wavelength 0.1 mm. 0.5mm. ‘1.0 mm. s-wave ultraviolet energy or socalled black light. The 
2894 0.01 9 which have been previously exposed to produce an 


2967 2 _ ea a se 

3024 8 _ vthema, even though they exhibit no visible differences 

3132 30 : ee | y E i ; : : 

3342 49 q 9m the surrounding skin under ordinary light, appear as 

s00s 49 3 - rker spots amid the surrounding skin which fluoresces 

4359 a der socalled black light. Apparently the effect of ery- 
q hema is to destroy much of the ability of the skin to 


The spectral transmission curve of a thin layer oft joresce for many months after the original exposure. 
q After years of experience with many subjects, one 


blood in Fig. 27 indicates the transparency of human flesh 
_ quires some ability to choose reasonably average sub- 


to long-wave visible energy. Owing to the great percentage | q ) 
of water in the bodily tissue, the transmission of infrared ets with average untanned skin. There is no standard way 


Ae : Bt eccribi individual or skin. However 
energy is generally confined to that region just beyond the pdescribing ay ae “ y = aul oe 
visible spectrum and extending to about 414,000. Wee one: SP B2sec PSSA Le ae : 

- erapy can standardize the time and intensity for average 

atanned skin as determined by experience. This 1s a part 

In determining the erythemal effectiveness of ultra- Wy a eo , sets a ation: meee hee 
violet energy, it simplifies the complex problem consid-— 7. . ie be uae See Laueedee as 
erably to use untanned skin-which does not have a thick” abject The data presented in this and porn ne ters 
outer horny layer. Certainly one would not choose the sole © q a: i h Its with ie 
ofa fot or the palm'of's hand) The homy layeo aaa nay be considered to represent the results with average 
+s thick Mae .. mtanned skin of the upper arm unless otherwise stated. 

parts is thick and variable. One would not choose tanned “Wy ) 

He , . In Fig. 28 are plotted the results obtained by Hausser 
, for there are various degrees of tanning which cannot — ad Vahle,2* Coblentz, Stair and Hogue * and Luckiesh 

be accurately measured or described. In accurate work it is 7 Paylor bad Holladay 21 It will be noted that the data ine 


Percentages of Energy of Various Wavelengths Which Pass Through Skin a 
of 
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in excellent agreement for the maximum near A2967 and; : 
the vicinity of that wavelength. The differences are od : 
siderable for energy of wavelengths shorter than 2709.» 
This is due partly to the greater difficulty of making ab, a 


lute measurements of ultraviolet energy a decade or mors 


100 


; Bs, 


; a and Tan 
a esults obtained by the author and his colleagues 
.° i re practical and representative. These are pre- 
- a ae ible X. The International Commission on 
4 a has standardized values of erythemal effective- 
Be hich, in the region of 42400 to A2800, are approxi- 
a of the data presented in Fig. 28. For reasons 


fer the data for this region as presented in 
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e averages 


4 TABLE X 


2400 2600 2800 3000 3200 
WAVELENGTH (ANGSTROMS) 


Fic. 28. The erythemal effectiveness of ultraviolet energy as deter- } 


mined by various investigators. 


ago. However, another reason for the differences lies in — 
the fact that erythema produced by energy in this region q 
is more evanescent than that produced by energy of longer 
wavelengths. For example, if the erythema is judged a few ~ 
hours after exposure of the skin, the erythemal effective- — | 
ness of A2400 to 2600 is found to be greater than if the 4g 
erythema is judged a day after exposure. More recent expe- 
rience with germicidal lamps which emit ultraviolet energy 1 
almost entirely in the region of A2537 leads us to believe — 


4 fectiveness of Ultraviolet Energy for Average Untanned — 

Hi fa ; Skin 
> 4 Erythemal Erythemal 
& q Wavelength Effectiveness  * Wavelength Effectiveness 
z mm 2399 95 2304 6 
us me 9492 90 2894 25 
- 2537 80 2925 70 
5 40 2576 70 2967 100 
x 7654 30 3024 50 
> 2675 20 3132 2 
ui = ©2700 15 3342 0.4 

q 2760 5 3663 0.12 


able X. It will be noted that energy of 42967 or 42500 is 
early a thousand times as effective in the production of 
“y hema as energy of 3663. This is in agreement with the 


ter conclusions of Hausser.** In the region of 42800 the 


pectral erythemal data are probably least dependable 


wing to the fact that there are no strong mercury lines 


available. 


q It is relatively easy to determine an MPF, or minimum 


yerceptible erythema, from a series of exposures on a series 
f small areas of skin. Without a photometer or colorimeter 
it is not possible to judge different degrees of erythema 
bove the threshold or minimum perceptible. Anyone can 
stablish for himself several degrees of erythema which 
hay not be readily described to others but which are useful. 
four degrees used by the authors and his colleagues, and 


SS EI I NG ES ANS 


a 


{ 
h\ 


the approximate relative exposures of untanned skin ~ 
erythemal energy which produce them, are as follows; 


Degree 1, Minimum perceptible erythema (MPE)......... 1 
Degree 2, Vivid erythema, producing some tan............ 2.5 
Degree:3; Painful burn... Ase s. oe: ei 5 
Degree:4> Blistering | 7 ck seeds Oe he Cala 10 


These values are only approximate and they are a dified 


time between the extreme degrees is somewhat less fo, 
sources emitting considerable ultraviolet energy shortey © 
than 42900 than for sources, such as natural sunlight, Which : 
emit no appreciable energy shorter than 42900. Incidentally, q 
we have found that the reciprocity law holds over a large 


range of 1 to 16, and have indications that the law holds at : 
least approximately over a much larger range. 1 
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farther into untanned skin as the wavelength increases, 
This penetration has much to do with the production of — 
tan. We may consider tan to be pigment of the blood — 
which has been left stranded in the network of blood 
vessels after the high tide of blood has receded. The process ~ 
is not as simple as this, but it is a fact that tanning is more : 
effectively produced by ultraviolet energy which more — 
deeply penetrates beyond the outer layers of the skin. 7 


after the exposure of untanned skin to the ultraviolet en- ] 
ergy. However, as the wavelength increases from 42967, ~ 
longer and longer exposures are necessary. For energy q 
longer than 3200, the resulting erythema becomes more — 
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to @ 


somewhat by the degree of pigmentation. The range of 


range of time and intensities. We have proved this for q — 


As already indicated, ultraviolet energy penetrates 


Erythema or sunburn does not appear for some time 7 


of a copper color than the vivid red due to energy of q 3 
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_ wavelengths. Actually, the spot may appear colored 
pter i longer exposure 1s completed. In other words, 
a a ee . more of a tan than merely an erythema. 
4 Z.. 4 sunlamp for tanning should supply an abun- 
y ¥ ultraviolet energy of longer wavelengths than 
,- This is why sunlight and skylight are so effective in 
Z tan. Lhis is also the principle of socalled sun-tan 
he merely absorb the short-wave ultraviolet 
a 26 oe minimize the erythema without reducing 


. tanning effectiveness of the energy of longer wave- 


i i 
a 0 hs. 


~ The reddening of the skin on exposure to radiant = 
3 may be due to erythema or hyperemia or both. 
evthema is a reddish inflammation of the skin “ does 
Y appear until some time after exposure to ultraviolet en 
‘ov of certain wavelengths, generally shorter than A3200. 
- involves partial or complete destruction of the outer 


layers of the skin. Hyperemia 1s a reddening of the skin due 


a temporary excess of blood in the network of small 
vessels. Hyperemia appears rather quickly after the begin- 
ing of an exposure to adequate energy. It 1s readily pro- 
iced by short-wave infrared energy and by visible en- 
tgy. It appears to be involved in the efficient production 
f tan by sunlight and its artificial equivalents. . 

- Tanning is not thoroughly understood and it cannot 
taken as a measure of health. However, one who has had 


puch experience with erythema and tan often finds it diffi- 


sult not to associate good health and a rugged constitution 


with a person whose skin readily tans. However, tan in 


everyday life is more of a protection and an esthetic con- 


ideration than a symbol of health. A deep tan or the deep 
igmentation of a colored person apparently does not pre- 
yent exposures to ultraviolet energy from producing its 
eneficial effects such as curing and preventing rickets. 


ie ! 
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_ Negro skins apparently have the power to produce g ess in this region had been made notwithstanding 
pigment unaided by ultraviolet energy. Albino skins do i 7 | sat this is the region of great importance in con- 
have this power even with the aid of ultraviolet ener “ f Bons of natural and artificial sunlight. Since then 


One theory is that two substances are needed to roduesill 
pigment and that the negro skins unaided supply both toll 
marked degree, although they can become tanned darkedl 
than normal by exposure to ultraviolet energy. Of cours 
these skins can develop erythema or sunburn. Albino skineil 
aided by sunlight may be able to supply one of these sub. il | 
stances, but not the other. Normal white skins appear to be 
between these two extremes. In these cases perhaps the skin 
supplies one substance unaided and produces the other With ; 
the aid of sunlight. This same theory may also account for 1 g 
the difference in the degree of tan caused by ultravioles 6 
energy of different wavelengths. Solar energy between qa 
43000 and 43200 produces a rich brown pigment perhaps { 
aided by the hyperemia and dilated blood capillaries. ; 

Depigmentation or the loss of tan by the normal skins ; | 
of whites takes place more or less slowly, depending upon _ 
the initial degree of pigmentation. The cells in which the ™ 
pigment has been produced are unable to produce pigment 
without the aid of ultraviolet energy. As the cells divide, q 
the new cells apparently contain only one-half the pigment — 


Der * has published some results pertaining to long- 
‘a Itraviolet energy- All our other published data are 
4 E of various investigations with groups of subjects 
i. a large number. In determining the erythemal and 
os effectiveness °° in the region from 43000 to 3600, 
Beil techniques were necessary which appear to be worth 


scribing in some detail. 7 | 

' Fighteen fairly average male adult white subjects were 
‘ed. Their ages were generally between 25 and 35 years, 
nd they included a range of types of socalled blonds and 
eynettes. Since it 1S difficult to obtain monochromatic 
Itraviolet energy of sufficient intensity to produce tanning, 
‘ts tanning effectiveness is low, we used filters with vari- 
mus degrees of transparency to radiant energy of various 
vavelengths. Seven such filters were chosen, their descrip- 
ions being given in Table XI and their spectral transmis- 


TABLE XI 


es Used in the Determination of the Spectral Tanning Effectiveness of 
“a Ultraviolet Energy 


i 


of the original cells. This process of subdivision apparently — Filter et: + Type of Gia 
bd e ° 7 se j A x 
results in a mathematical fading of the tan. Some of the 9 } a a a Takano 
cells die and they and their pigment are drained off. Other — B C 4.0 oe D 
| = 3.0 yrex 
cells are pushed to the surface and are rubbed off. Eventu- : 61 Ordinary plate 
ally the skin is free of this evanescent pigment. 1 F 9.35 Corning Blue-Fluorescing 
: a G 11.45 Ordinary plate 


TANNING EFFECTIVENESS OF ULTRAVIOLET ENERGY q 

Owing to the scientific and practical importance of the 
effectiveness of ultraviolet energy from 3000 to 3600, we 
have devoted considerable research to this spectral region. 
No extensive determinations of the erythemal and tanning 


sion curves in Fig. 29. The ultraviolet sources were bare 
Type S-1 lamps contained in clear quartz and Corex D 
bulbs. This source, as illustrated in Fig. 6, consists essen- 
tially of a mercury arc operating between incandescent 
tungsten electrodes. 
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In most of the tests the subject was irradiated 
inner side of his upper arm through an 8 mm. hol 
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Fic. 29. Spectral transmission-factors of a group of useful glass filters 
of various compositions and thicknesses. 


A, Pyrex 1 mm. 
B, Unknown 2.1 mm. 
C, Corex 4 mm. 
D, Pyrex 3 mm. 


£, Ordinary plate glass 6.1 mm. 
F, Corning blue-fluorescing 9.35 mm. 
G, Ordinary plate glass 11.46 mm. 


opaque screen. The image of the arc of the Type S-1 lamp 
was focused on the hole by means of quartz lenses, a water- 
cell with quartz walls being interposed to remove most of 
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4 frared energy from the beam. In the first series of 
_ ts on the inner upper arm of each subject were 
; sive Phe energy from the lamp filtered through one 
¥ cs ‘Jlustrated in Fig. 29. Each spot was exposed 
ont period of time. Four filters, A, B, C and D, 
a Juded in this test and twenty spots, in four parallel 
- a a exposed on each subject. Representative sub- 
4 a exposed in this way; then some changes in the 
- f the lamp were made and fourteen other sub- 
et ?. exposed in the same way. Representative subjects 
Bsc exposed with filters C, £, Ei and G. Owing . the 
F exposures required, it was impracticable to use a large 
i ber of subjects in this latter part of the seb ene 
rhe appearance of the exposed spots is dependent 
son the wavelength of the energy to which they have 
A exposed. In those cases where the total effect is pre- 
sminantly due to energy in the spectral region A295 : to 
13150, there is no immediate visible effect, but after a few 
urs a definite erythema appears which is followed in a 
sw days by subsidence of the inflammation and formation 
bf tan. In the case of exposures through filters transmitting 
aly those wavelengths longer than about 43300, the spots 


pear somewhat brownish or tanned immediately after 


sxposure, followed later by some erythema together with 
he tan. Thus it appears that there is a definite latent tan- 
ing effect in the former case, which may or may not also 
De present in the latter case. ‘I'wo spots showing the same 
or trast with the unexposed skin 24 hours after exposure 
vill in general appear approximately equal to each other a 
veek later, after the erythema has subsided and tan has 
ully developed, even though one spot may be produced 
principally by radiant energy in the region A2950-A3150 
nd the other principally by radiant energy of approxi- 


lately 43650. These various observations lead us to believe 


¥ 
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that for wavelengths longer than 42950 the spectral ery. . 


themal effectiveness curve cannot be separated from the 
tanning effectiveness curve, at least for such tanning effectg 
as may be apparent within 12 hours, when the erythema 
as approximately reached its maximum. i 

The erythemal and tanning results were appraised by 
examination of the subjects immediately after exposure, on 
the next day, and at weekly intervals thereafter. The results 
were judged not only by the “minimum perceptible spot” 
but also by comparison of exposures required for all spots 
of equal erythema or tan. These weekly appraisals were 
made to determine whether there was any difference in 
rate of fading of spots obtained by exposures through 
_ different filters. We had expected to find a progressively 


decreasing rate of fading with filters A to G, since ery- 


thema and tan were principally due to increasingly longer 
wavelengths in this series of filters, for it is commonl 
assumed that tan is principally due to wavelengths longer 
than those which cause maximal or pronounced erythema. 
However, we found no appreciable differences in rate of 
fading of the erythema and tan produced with the various 
filters. This leads to the conclusion that for wavelengths 
longer than 2950 the spectral erythemal and tanning 
effectiveness curves are practically identical. In fact, as the 
wavelength of energy increases, erythema appears to merge 
into tan and they appear to become “one and the same 
thing.” 

With data pertaining to the spectral energy of the 
lamp, transmission of the filter and exposure time to pro- 
duce equal erythema or tan with various filters, it is pos- 
sible to set up mathematical equations involving only the 
effectiveness of the radiant energy of different wavelengths 
as unknown quantities since we are dealing with sources 
emitting energy confined to a limited number of wave- 
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Exythe | | 
+ noths in this region. However, it was generally found to 
a ore practicable to substitute trial values for the effec- 
pe a ss constants for different wavelengths in the simul- 
a s equations and to solve for the relative exposures 
ae 3 produce equal tan with the different filters. 
a. results were then compared with the experimentally 
| ined exposures. Fairly definite relative values for the 
Djines 43130, 3342 and 13663 had been obtained from the 
; rest with filters which did not transmit energy of tan 
" wavelengths and it was assumed that the most proba : 
“yalues for all wavelengths would lie on a fairly eh 
curve. Various solutions were tried, each one giving a ; : 
" tional information as to which part of the curve nee e 
 sevision to improve the agreement between observed * 
computed results. The tanning effectiveness curve finally 
| adopted was the one providing the best agreement Aas 
7 computed and observed exposure ratios to produce equa 
" tan, based on examinations of all subjects for periods from 
- 4to 10 weeks after exposure. 
3 In Fig. 30 our determinations of the tanning effective- 
1 ness of energy from 3663 to A2967 are plotted as an exten- 
sion of our determinations of the erythemal effectiveness 
- of energy from 3130 to A2400. We have tied together our 
data on tanning to our data on erythema in the region of 
~ 2804 and 22894 by assuming that, in this region, tanning 
effectiveness is the same as erythemal effectiveness. We see 
no other way of treating the two phenomena, one of which 
dissolves into the other as the wavelength of energy de- 
creases Or increases. 
Table XII shows the contribution of energy of differ- 
ent wavelengths to the total tanning when each of the 
seven filters is used with the quartz mercury arc. The actual 
exposure time varied from approximately 15 seconds with 
filter A to 75 minutes with filter G. We have assumed that 
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the reciprocity law (time X energy intensity = a constant) 


holds for these exposures and that effects due to differen 


wavelengths are additive. We have previously found that 
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RELATIVE ERYTHEMAL AND TANNING EFFECTIVENESS 


2500 2700 2900 3100 _ 3300 3500 3700 
WAVELENGTH (ANGSTROMS) 


Fic. 30. The relative tanning effectiveness of energy from 3663 to 
42967 is plotted as an extension of the relative erythemal effectiveness 
of energy from 3130 to A2500. 


the reciprocity law holds for erythemal effectiveness over 
a range of 1 to 16 in intensity of energy with indications 
that it holds fairly well over a much larger range. 

We believe that the erythemal and tanning effective- 
ness curves are practically identical for wavelengths longer 
than A2950. The only evidence we have which seems to 
disagree with this conclusion is the fact that in one series 
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4 £ tests with filters C, E, F and G, examination o 

¥ d spots ten weeks after exposure showed that those 

a oe through filter C, where most of the effect was due 

? “a at 43022, had faded slightly more than those 

a Be through the other filters, where most of the tan- 
e 


. longer wavelengths. 
" ning was due to long 8 


TABLE XII 


Different Spectral Lines to the Total Tanning with Quartz S-1 


bs ° f 4 
Contribution © Lamp and Seven Filters 


Percent of Total Tanning 


Wavelength in Angstroms A B C D E F 


Filter Filter Filter Filter Filter Filter Filter ) 


ee 
Buemeneerenese ce 7 8 8° 

ee 
Bometopore ee ee ee 8 ee 
PEateeterene eee 2% © .8 9 © © 
Pstemenee e5e, ere © © 6 © 8 8 
Dgtenenere eee eee ee ee 0 
Milowonee)e. 6.0 © ee ee ee oe 


Binemone 0.101% © © o,e © oo © © 
. 


i xposure for 
eal conning oan, Aas 1 15 232 8.2 46 80 144 


There was an obvious difference in the appearance of 
spots irradiated through filters C, E, F and G. Immediately 
after the exposure was completed, the spots irradiated 
4 through F and G, where the tanning effect was principally 
due to 43663, had a slightly tanned appearance, whereas 
those exposed through filters C and EF did not become 
visible until several hours after exposure and then exhibited 
the characteristic erythemal redness. When examined about 
20 hours after exposure all spots showed some of the char- 
acteristic erythemal redness, but those exposed through 
filters F and G appeared reddish brown and were appre- 
ciably less inflamed than those exposed through C and E. 
Consequently, comparisons of spots at the first examination 
were based on equal contrasts with the unexposed adjacent 
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skin. Apparently the longer wavelengths, especially A334) ' 


shorter wavelengths. 
If the tanned skin is examined under ultraviolet ener 


Spots irradiated through filters F and G were visible in this 


way immediately after exposure, whereas those exposed 


through filter C were not apparent in this manner for 
several hours after exposure. Furthermore, spots which 
have been exposed and tanned by ultraviolet energy of any 
wavelength are still visible under this ultraviolet illumina- 
tion long after they have become invisible under ordinary 
light many months after exposure. 

These results lead us to believe that under certain 
circumstances there may be a simultaneous production of 
erythema and tan, but that the presence of the tan may be 
obscured by a strong erythema. This is especially true in 
the case of natural sunlight, where there is a great deal of 
energy in the region which we have found to produce 
direct or immediate tan. As a consequence, it is probable 
that the “erythemal effectiveness” curve heretofore tenta- 
tively accepted is actually a combined erythemal and tan- 
ning curve for wavelengths longer than about 43000. Our 
data presented in Fig. 30 and Table X revise and extend 


and 43663, produce a direct or immediate tan or its equiya__ 


lent with less inflammation than that produced by the 


from a source such as the Type S-1 lamp equipped will ‘ ‘ 


filter which transmits 43663 freely but absorbs most of the a 
visible light (Corning Red Purple Ultra filter), it is found q 
that the irradiated area appears darker than that which has i 
not been exposed even when no effect is visible under _ 
ordinary light. Apparently the exposure reduces the fluo. _ 
rescence of the skin and this makes the spot appear darker _ 
than the adjacent skin under the ultraviolet energy. We es 
have used this method for years in examining irradiateq 7 

spots and in determining something of the skin’s history, 
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nectral erythemal curve because in previous researches 
De (os e ° ° 
ar ‘atensities and exposures in this region have been 
ne ener ee 

A a to produce suitable erythema or tan for adequate 
suffic 


ady of this spectral region. ; 

q Since our researches on tanning effectiveness were 
npleted, we have reviewed a paper on this same subject 

OT 9 

Se iausser 2 He focused the ultraviolet spectrum from an 

Vv 

atense arc 0 


n the skin through what was essentially a 


h. He concluded that in addition to the 
erythema produced by energy in the region of 2980, there 
E chown in the region A3300-A4200 the formation of an- 
Bier strong, deep-red erythema, whose long wavelength 
boundary apparently falls off sharply at 44200. He also 
concluded that there is a strong maximum at 43800 and two 
weaker maxima at 43600 and A4080. Apparently no spectral 
tanning effectiveness curve was derived and one can be 
misled by the mixture of hyperemia with true erythema 
© and tan which are the results of the necessarily long expo- 
sures to the long-wave ultraviolet energy. However, 
Tausser’s observations as to the character of the erythema 
produced by different spectral regions, and the immediate 
appearance of tan or browning of the skin due to exposure 
“to energy in the region of A3650, are in general agreement 
© with our observations. He reported that it requires about 
500 times as much energy at 43800 as at A2967 to produce 
San MPE. We found that for the production of equal 
) amounts of tan, observed 10 weeks after exposure, the 
“exposure ratios (energy X time) at 42967 and 43663 must 
"be in the ratio of approximately 1 to 800, which is of the 
‘same order of magnitude as Hausser’s conclusion. 
1 In Fig. 31 are shown the spectral reflection of the skin, 
also the spectral transmission ** and absorption by 0.1 mm. 
of skin. Since energy must be absorbed to produce ery- 
- thema or tan, they are related in some way to the depth of 
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penetration of the energy or to an intermediate effect 


the incident energy. Erythema due to wavelengths in ca 


he q 


spectral region, 42500-A2700, is quite superficial and gq; 
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Fie. 31. Spectral characteristics of human skin. Owing to the diffi- 
culties involved these data provide only a qualitative view. 


appears in a few days, with relatively little or no resultant 
tan. Consequently, it seems safe to assume that this short- 
wave energy does not reach a sufficient depth to affect 
appreciably the tanning process. 

The characteristics of the tan produced by artificial 
sunlight are of considerable practical interest. In order to 
study this we exposed 12 representative subjects to a Type 
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q gunlamp, having an energy distribution in the ultra- 
* . quite similar to that from the Type S-1 sunlamp 
a — been available for several years. As seen in 
Bic XIII, the ultraviolet energy is confined principally 
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TABLE XIII 


of Energy from Various Ultraviolet Sources Expressed in 


“Mictribution : 
ep istt Microwatts per Sq. Cm. 


4 Noon Sunlight D.C. Uviarc H-6 Mercury S-J S-4 

x July 12, 1938 Mercury Arc Quartz Jacket Sunlamp Sunlamp 
BP 5600. - 179 89 0 0 
Fen9300 117 167 12 4.5 
900. . 62 113 4.5 7 
s000.. 0.5 60 160 19 25 
900-3100.. _28 102 185 50 43 
00-3200... 145 196 280 140 115 
900-3300... 312 0 113 2 2 
300-3400.. 436 25 108 24 30 
540-3600... 977 0 117 5 5 
4600-3700-- 597 300 310 365 305 


3 Artificial sources at 1 meter. Data for D.C. Uviare and H-6 mercury 
sources from measurements by Dr. B. T. Barnes. 


D.C. Uviarc: Common quartz mercury arc, 825 watts. 

~ #16 Mercury: High pressure quartz capillary arc, approximately 1000 
watts. 

S-1 Sunlamp: Mercury arc between tungsten electrodes in ultraviolet trans- 

mitting bulb, approximately 500 watts. 

_ §-4 Sunlamp: High pressure quartz capillary mercury arc, with ultraviolet 

: transmitting outer bulb, approximately 130 watts. 


to 42894, 22967, 23022, 13130, A3342 and 3663, but the 
erythema and tanning are mostly due to 22967, 3022 
and 43130. Twelve small areas on the abdomen of each 
‘subject were exposed for periods of 2.5 to 10 minutes at a 
distance of 30 inches from the source of energy. The aver- 
age exposure required to produce an MPE, when examined 
one day later, was 4 minutes. At the end of two months all 
except one subject still had some spots visible. The average 
exposure which produced a minimum perceptible tan 
(MPT) visible two months after exposure was 7.5 minutes. 


_ tan which will last two months or longer. This would comm | 
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a in close touch, which proved that sub-erythemal 
re i or dosages of ultraviolet energy are sufficient to i) 
fe . d to cure rickets. Actually sufficient dosages || 
oyerl AN 


Six months after exposure five of these subjects stj]j hal 
tanned spots visible, the average exposure corresponding tg 
spots having an MPT rating being 7.5 minutes for thead 
five, as compared with an exposure of 6.25 minutes for a 
MPT two months after exposure. These results indicate 


that twice an MPE exposure to this sunlamp produces , 


Ege 


respond to a fairly strong erythema, although usually : 
would not be sufficient to cause a great deal of discomfor,. 
Many users of sunlamps overlook the fact that they acquire 
a tan outdoors during a brief vacation only through suc. 
cessive sunburns. If they will keep a record of the number 
of sunburns and the total time of exposure to sunlight jn | 
acquiring a tan, they will find that some modern sunlamps 
successfully challenge the sun at its best. (See Plate II.) | 
We have also studied the effect of sub-erythemal ex. 
posures to an S-4 sunlamp in the production of tan. These 
exposures of untanned skin were made three times a week 
until a total of seven exposures were made. Twelve spots | 
were exposed intermittently in this way for various lengths 
of time from 0.5 to 2 minutes and twelve other spots were 
given a single exposure five times as great as that of a single 
exposure of the corresponding spots of the former inter-_ 
mittent group. In other words, the spots recelving inter- 
mittent exposure were exposed for a total time which was 
40 percent greater than the corresponding spots which 
received a single exposure. None of the spots receiving the 
intermittent exposure exhibited erythema or tan, while 
several of those which received the single exposure did 
develop erythema and tan. These results apparently indi- ' 
cate that if tanning is desired, the exposures should be long — 
enough to produce some erythema, and this is probably 
true for sunlight. ‘This is also interesting in connection with 
the work of Dr. H. J. Gerstenberger ”? with which we 
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Mc. 32. The spectral distribution of ultraviolet energy in sunlight at 1 
noon on a clear July day and the relative tanning effectiveness of this | 
energy of various wavelengths. 
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were found to be the daily exposures of the order of 0.1 to 
0.25 of that required to produce a minimum perceptble 
erythema. Pea 

_ In Fig. 32 are shown the spectral distribution of 
energy in sunlight at noon on a clear day in July and the 
tanning effectiveness of energy in different parts of the 
spectrum. If it were desired to obtain a coat of tan without 
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appreciable erythema, it would appear to be necessary ' a 
screen off the energy from sunlight or a sunlamp shore, 
than approximately 43300. This is the principle of the 
sun-tan lotions now on the market, as some of these which. 


we have tested are highly absorptive of ultraviolet enero, 


shorter than 43300. Exposures to sunlight when using thega 
lotions are necessarily quite long to result in tanning, The ' 


would also have to be much longer than those common|y, 
made under an otherwise satisfactory sunlamp. 


If an artificial source is to be used as a tanning lamp 
without causing appreciable erythema, it should produce 
very little energy shorter than 3300 but a great deal of 
energy in the region 43300-A3800. The energy shorter than 


‘ 
SS 
1 


43300 can be absorbed by use of a suitable glass or other 


material. Table XIII shows the spectral distribution of 


radiant energy for noon sunlight in July compared with 
that from several sources of ultraviolet energy. 

In our tests an exposure of 75 minutes, with the arc of 
an S-1 lamp focused upon the skin by means of a quartz 


lens through filter G, produced a moderate tan with little © 
erythema. The energy density on the skin was 9 micro- — 
watts per sq. cm. for A3342 and 6500 microwatts per 


sq. cm. for 13663. 


At a distance of one meter none of the artificial sources _ 


considered in Table XIII supplies more than about 5 per- 


cent of this value for energy at 43663; hence they are not — 


very practicable for the production of marked tan without 
initial erythema. Noon sunlight on a clear day in July in 
the spectral region 43300-A3800 would have about half the 
tanning effectiveness of the radiant energy which produced 
moderate tanning in our tests with filter G with an expo- 
sure of 75 minutes. 

An artificial source requiring several hours’ exposure 
would not make an acceptable tanning lamp unless the 
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al s ficient to produce a moderate erythema. Exposures 
>» SU 


to 10 minutes at a distance of two feet will accomplish 
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kc TECTIVE COATINGS FOR THE SKIN 


‘It is a relatively easy matter to protect the skin from 
: erythemal exposures, for the reason that many 
materials absorb ultraviolet energy which is most effective 
, the production of erythema. In developing lotions and 
reams for this purpose, the chief problem is to produce 
something agreeable to the skin and to the user. The prin- 
“ole of socalled sun-tan preparations 1s to absorb much 
f the solar energy in the region of 42900 to 43100 or 43200 
)ynd to transmit most of the tanning energy of longer wave- 
lengths. This is made clear by Fig. 30 and the discussion 
pertaining to it. ee 
q Dry skin is generally less sensitive to erythemal energy 
han moist or wet skin. This fact is even evident in investi- 
vations involving untanned skin exposed under laboratory 
conditions in summer and in winter. A summary of our 
"work on many subjects reveals that generally a measurably 
preater dosage is necessary to produce an MPE on untanned 
skin in winter than in summer. We have attributed this to 
the fact that the skin is more moist in the summer due to 
perspiration. 
_ An effect of infrared energy seems to be indicated 
when it accompanies erythemal energy in considerable 
quantity. For example, the skin of the upper arm was 
exposed to the energy from an S-4 lamp with and without 
the addition of a high intensity of infrared energy from a 
filament lamp. The intensity of infrared energy was sufii- 
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cient for the skin to feel uncomfortably warm. 
found that a minimum perceptible erythema was ca 
less time with the additional heating of the skin tha 


an extensive series of tests may be of interest.?’ 


In order to measure the spectral transmission of a thin 
film of specimens of protective material, a thin wedge was _ 


formed between quartz plates. In some cases it was quite 
difficult to obtain wedges free from air bubbles, which are 
more transparent than the material to be tested. Heatin 
the quartz plates before applying the material generally 
made the material flow better. Since some of these materials 
diffuse the transmitted energy, it was advisable to grind 
the quartz plates on both sides and to make the transmis- 
sion measurements with the quartz wedge placed in front 
of the slit of a quartz monochromator. 

In order to provide a greatly accelerated test of the 
materials, the arc of a clear-bulb Type S-1 lamp, which 
emits no appreciable energy shorter than 42800, was pro- 
jected by means of quartz lenses onto a 14-inch hole in a 
sheet of thin metal. A quartz water-cell was placed in the 


ls wag 
Used jn 
N With. 
out it. This work was done in the winter-time indoors 
under the condition of low humidity. Perspiration wags noel 
evident on the surface of the heated skin but it is probable 
that the skin below the surface was more moist with the 
additional heat than without it. Of course, there are other _ 
physical results of heating the skin that may also play a part, 
Coatings for the protection of skin from excessive © 
exposures to sunlight were found to be particularly desip_ 
able during the war. Many human beings suffered exces. 7 
sively from sunburn during long periods on life-rafts ang 
in life-boats. There are other uses in everyday activities ~ 
for coatings which effectively absorb the more effective q 
erythemal energy. A few of the more practical results of q 
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J | path to absorb much of the infrared energy in the 
tica oe erythemal energy passing through the hole was q 
am 4 and found to be 60 times that of the highest {| 
4 a of erythemal energy in sunlight and skylight 
.. in Cleveland during the preceding several years. — 
- exposure of one minute to this intense erythemal i) 
: Bas equivalent to one hour of the most intense nat- | 
| s sunlight available. This was computed to be sufficient 

4 roduce 2 minimum perceptible erythema on average 
ned skin in approximately 8 seconds. The unprotected 
ntanned skin of several subjects was exposed for 15 sec- 
a ds to this intensity. All developed some erythema ee 
he exposure and most of them appreciably more than the 
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os ing the energy measure- 
ninimum perceptible, thus confirming t oy 


ment. , SOP 
| To provide the maximum protection it 1s desirable to 
Fe the protective coating so opaque to energy in the 
srythemal region of the spectrum that a thin coating will 
srovide complete protection over many hours of continu- 
gus exposure to tropical sunlight. Most of our erythemal 
ests have been made with thin coatings, though some tests 
Pere made with thicker coatings, all on the upper arms of 
The subjects. A thin coating is that which remains on the 
"kin after the material has been fairly well rubbed in. Some 
promising materials apparently evaporate or are absorbed 
so that their usefulness is diminished. 
; Some petroleum jellies used alone were found to be 
very effective and their ability to absorb erythemal energy 
seemed to increase with the depth of color. Probably this 
is not true of all petroleum jellies, but apparently color iS 
generally a means of appraisal. This fact is exemplified by | 
th e data in Table XIV. | 
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TABLE XIV 


Transmission-Factors, Expressed in Percent, of Five Different Pet 
and Mixtures of Materials for Ultraviolet Energy of Various 
Thickness of Coating Is Indicated in Each Case 


Specimen AZ967 . “N3022.- XN3I3BO  XB322 3650 | 
Petroleum jellies 
Colopless:-08, mmisck aie ee: 65 69 71 88 9] 
Very light amber, .03 mm........ 32 OZ 55 88 94 
Medium amber, .03 mm.......... 25 30 44 74 89 
Dark amber,.03.mm:, .). 07.003 5 9 Zl 52 75 
Orange-red,..03 mine... hues >. 0 0 2 16 58 
Mixtures of materials 
Mixture: DyeO3pmimg? 225280) 3s 0 0 0 1 3 
Mixture Je.08) mime. ee secs 5 ue: 0 0 0 3 29 
Mixture Jj-06¢mm.. . 26.45 7 0 0 0 0.3 7 
Mixeuredi; 03° mm..> 8. 0 0 0.1 6 44 
MixtureD:- 060mm: essen oe: 0 0 0 0 0.3 


Many mixtures of materials were tested. Measurements _ 4 


of transmitted energy and also the erythemal tests reveal 
zinc oxide and phenyl salicylate to be suitable absorbin 


agents. Some of the better mixtures tested had the follow- 
ing compositions: 


Mixture D: Zinc oxide 10; phenyl salicylate 3; and petrolatum flava Q.S. 30, 
Mixture J: Phenyl salicylate 10; petrolatum O'S. 15: 


Mixture L: Phenyl salicylate 10; zinc oxide 15; petrolatum flava 30. 


All these mixtures would be improved in effectiveness, but 
not in appearance, by the use of the orange-red petroleum 
jelly listed in Table XIV. Many other cheap materials could 
be used if the appearance of the mixture, and of the user, 
were of no consequence. For example, powdered iron ore 
mixed with red petroleum jelly should provide a very 
inexpensive and highly protective coating. Of course, in all 
cases the mixture should not harm the skin and it should 
adhere reasonably well to the skin. 

In testing the various materials and mixtures, untanned 
skin of the upper arm was exposed for 15 seconds without 
any coating. In all cases this exposure produced an ery- 
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_. well above an MPE. ‘The intense image of the arc 
hema s used provided an erythemal exposure in one 
wi ich Pe ient to one hour of the most intense sunlight 
oo feicy of Cleveland during midday in midsummer. 
pine Be rcs of the skin with the coatings applied were 
Tas ‘nutes, which was equivalent to 15 hours of expo- 
pr 4 “a most intense sunlight near Cleveland. Average 
4 | sunlight at sea-level throughout a day is less effec- 
themally than midday midsummer sunlight at 
‘t ae Such mixtures as D, J and L, and also q 
‘he reddish petroleum jelly, applied to the skin, even in | 


v 


hin coatings, should protect untanned skin from excessive | 
4 thema or sunburn even if the exposure to sunlight con- | 
“nues day after day. In none of the oman pice 
(equivalent to 15 hours of intense sunlight) did a severe 
ervthema develop on any of the subjects. In some cases 
there was no erythema and in others only a moderate 
ie foregoing discussion has been confined to protec- 
tive coatings for emergencies and unavoidably long expo- 
sures to intense sunlight. For everyday use there are many 
lotions and creams which are satisfactory for obtaining a 
en without excessive sunburn. It is a relatively simple 
matter to develop such preparations for the reason that 
‘most materials absorb ultraviolet energy more and more as 
the wavelength decreases from the short-wave end of the 
visible spectrum to the limit of the solar spectrum. It is also 
| easy to test the efficacy of a given preparation by actual 
exposure of coated and uncoated areas of untanned skin to 
summer sunlight and skylight. 
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Chapter IV ) { 


Units and Terminology for Biological 
Effectiveness | 
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‘THE BIOLOGICAL effectiveness of ultraviolet energy has been 4a 


widely and extensively studied and is being Increasing] 


utilized, but the important foundation of physical Science _ 
and the terminology are generally crude and, at best, em. j 
pirical. ‘The output of ultraviolet energy between certain — 


wavelength limits may be determined for any source ip 
terms of available units of energy or power. However, the 
measurement of biological efficiency by a physical method 


requires weighting the radiant energy of each wavelength — 


with its corresponding biological effectiveness. From the 
viewpoint of physics, the procedure is quite simple, but 
spectral data pertaining to the biological effectiveness of 
ultraviolet energy are almost entirely lacking excepting for 
a few major initial or direct effects. This absence of spec- 
tral data emphasizes the need for physical standards and 
units, and for simplified terminology, which properly relate 
physical measurements of energy of various wavelengths 
with their biological effectiveness. Obviously, it is impos- 
sible to complete a system of units, terms and standards 28 
without having available the necessary spectral data from 
the biological realm. Progress is inevitably concerned with 
these objectives, theoretical as they may appear to many 
practitioners at the present time. Therefore, the present 
discussion aims to suggest some of the necessary terminol- 
ogy by constructing analogies between the luminous effect 
and biological effects of radiant energy. 

The methods of rating sources and dosages of biolog- 


ically-effective radiant energy for various photochemical, 
94 
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4 ical, therapeutic and prophylactic purposes are at 
scent generally empirical. Perhaps none of the methods 
entirely satisfactory, and some of them are quite inde- 
“cible from the broader view of physics which commonly 
a not been adequately considered or understood, and 

a must supply the scientific foundation for practice. 

prticularly in the cure of disorders and the maintenance 

£ health, practice has demanded some kind of method of 
Appraisal of sources and dosages before adequate knowl- 

Mize of the physics of the subject and suitable measuring 
Mevices were available for developing a really scientific 
terminology and procedure. 

" The chief difficulty in accurately appraising sources 
of radiant energy for nearly all the many different biologi- 
cal, therapeutic and prophylactic uses is the lack of com- 
picte data pertaining to the effectiveness of radiant energy 
of various wavelengths. Among the uncounted results of 

ordinary radiant energy are erythema, tan, hyperemia, cure 
of rickets, prevention of rickets, killing of germs, produc- 

tion of Vitamin D and heating bodily tissue at various 
depths. Spectral data pertaining to effectiveness are avail- 
able for some of these results, as indicated in Fig. 26. For 
some of the many uses, the most effective spectral range of 
‘energy and sometimes the most effective wavelength of 
" energy are approximately known. Spectral data are most 
complete for germicidal and erythemal effects. The latter 


ry 
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is an inescapable by-product of the exposure of human 
' beings and various animals to ultraviolet energy and is 
‘readily measurable. 

{ Viewed broadly, the visual sense is merely one of 
‘uncounted utilizers of radiant energy, but is a very gen- 
erally important one to human beings. ‘The term /umen has 
‘been coined to express light or Juminous flux which visible 
‘energy produces in cooperation with the visual sense. The 
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light or luminous flux supplied by any specific source of 
visible energy is determined by multiplying the sp ectrall 


distribution of energy by the spectral luminosity of radian, 
energy for each wavelength throughout the visible spec. 
trum. The magnitude of the lumen is defined arbitrarily acl 
all fundamental units are. The same procedure provides a 
basic scientific method of appraisal of sources and dosa eal qa 
of radiant energy for any physical, photochemical, biologi. ; 
cal, therapeutic or prophylactic use or effect. Each effect 
has its own spectral curve of effectiveness and only a few ; 


of these are even approximately established. 


A UNIVERSAL ANALOGY 


The evolution of terminology for light and lighting i 3 
has given birth to some terms which may not be necessary 
at present, or at least may not be as logical as could be © 
desired in the present state of the science of light produc. — 
tion and of the practice of light utilization. In basing the — 
present discussion upon the analogy mentioned, there is — 
danger of extending some of the undesirable features of 1 
nomenclature and standards into a new field. On the other — 


hand, the extensive experience with light and lighting is 


particularly valuable in clarifying the objectives pertaining 


to radiant energy and biological effect. The suggestions 
made herein make no pretense of completeness or finality 
but when first made ®* *® they constituted an initial attempt 
to dissipate some of the confusion and unwieldiness of 
necessarily complex phrases. 

The lumen is the unit of luminous flux and it is defined 
as the luminous flux emitted in a unit solid angle (a 
steradian) from a uniform point-source of one candle. 
There is a total of 47 unit solid angles and, therefore, the 
uniform point-source emits a total of 47 lumens. Similarly, 
for a given biological effect, we may define the unit of 
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Bo ically-effective flux emitted in a unit solid angle by 
4 4 inary uniform unit point-source of this biologically- 
Be energy. We may term this analogue of the lumen 
Bon. The unit source of this biologically-effective en- 
m emits 4 total of 47 vitons. A few salient characteristics 
Geuch a unit are presented in Table XV. 


TABLE XV 


Reaching Analogy Between Light or Luminosity and Any Biological 
4 L aC Effect of Radiant Energy 


Pertaining to Visible Energy Pertaining to Ultraviolet Energy 
Viton (for example) 
Luminous flux Biologically-effective flux 
a. Spectral sensitivity of the a. Spectral biological effec- 
eye tiveness 
and and 
b. Spectral distribution ofvis-  b. Spectral distribution of ul- 
ible energy traviolet energy 
Spectral distribution of lumi- Spectral distribution of a spe- 
nosity cific biological effectiveness 
(Integrated = Lumens) (Integrated = Vitons) 


_ There are many effects of radiant energy and certainly 
some of the “spectral curves of effectiveness” differ 
markedly among themselves as indicated in Fig. 26 and 
slsewhere. In fact, there is no reason to expect that any two 
of them are identical excepting, for example, those physio- 


Mogical effects that may be the result of the same direct 


effect of ultraviolet energy such as the production of Vita- 
min D and the prevention and cure of rickets. Some of 
these biological effects of ultraviolet energy which are of 
great interest to the health of human beings at the present 
time seem to be confined chiefly to ultraviolet energy 
shorter than 43200. Fundamental units must take ito ac- 
count the spectral ranges which are effective or utilized. 
The long-wave limits of biological effectiveness of ultra- 
Violet energy are known approximately for germicidal, 
erythemal and antirachitic effects. The short-wave limits 
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are less well defined. The spectral effectiveness of enero. 


S 
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in the production of erythema (minimum perceptible) 
upon average untanned human skin is now fairly well 
established as illustrated in Fig. 30 and Table X. For this 
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Fic. 33. A view of the analogy of the actions of visible energy upon ‘ 
the receiving visual sense and of ultraviolet energy upon the receiving — 
untanned human skin. | a 
reason this biological effect has been chosen for the purpose ' 
of illustrating the analogy which in turn reveals a logical — 


system of units and terms for any biological effect of @ 


radiant energy. 
In Fig. 33 is provided a view of the analogy of actions 


i} 


of visible energy upon the receiving visual sense and of — 


ultraviolet energy upon the receiving untanned human skin. 


The result in one case is luminosity and in the other the — 
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thema. Curve A shows the spectral distribution 
om a theoretical 1-watt black-body at 6000° K. 
bich radiates energy uniformly in all directions. B is the 
yy § osity curve which shows the luminous effect of equal 
q - of radiant energy or the spectral sensitivity of 
Bual sense. When visible energy is properly weighted 
sg aghout the proper spectral range by applying the 
ctors in B to the corresponding factors in A, the spectral 
“minosity curve C is obtained for this particular source of 
‘ble energy- [his weighting converts visible or luminous 
q uminous flux. The area under C is propor- 


sult is ey 
f energy fr 


Sonal to the luminous flux. 

' Similarly, D in Fig. 33 is the erythemal curve of radi- 
mnt energy, as shown in Fig. 30, or the spectral sensitivity 
f untanned white skin in the development of erythema. 
Surve E represents the specific biological (erythema- 
producing) effectiveness of ultraviolet energy produced by 


multiplying each value in D by the value in A for the cor- 
responding wavelength. The area under E is proportional 
to the erythemal flux. If we had chosen the antirachitic 


“3 


sffectiveness for D, the area under the resulting E would 


have been proportioned to the antirachitic flux. Similarly, 


if we had chosen the germicidal effectiveness for D, the 
area under the resulting £ would have been proportional 
to the germicidal flux. This principle of weighting the 


energy of each wavelength by the effectiveness of energy 
of each corresponding wavelength can and must be applied 


to every specific biological effect. It is now obvious why 


spectral data pertaining to radiant energy and its biological 


effectiveness are so basically important. 


ESSENTIAL UNITS AND TERMS 


If a 1-watt black-body at 6000° K. were adopted as a 
unit source of biologically-effective ultraviolet energy, it 
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| no need for carrying the analogy to the footcandle 
a foot-radion, a foot-uvion, or a foot-hyperion. 
desirable to take advantage of the opportunity 
d adopt such a name as Finsen in honor of a 
4 ognized pioneer in the biological use of radiant energy. 
rherefore, a finsen would be equivalent to one viton per 
‘pit area. At this point it 1s easy to adopt the metric system 
nd define a finsen as a viton per sq. cm. 
"The unit for diffusely reflected or transmitted biologi- 
sally-effective energy would be a viton per unit area or 
oper sq. C™: At the present time it seems unlikely that such 
j term, analogous to brightness in the terminology of light- 
ng ractice, would be of much practical use. 
~The luminous efficiency of a source of visible energy 
is expressed in lumens per watt. Similarly the efficiency of 
5 source as measured by a specific biological effect would 
be expressed in vitons per watt. Of course, as previously 
tated, the viton would be a specific one applying to the 
particular biological effect. In the case of erythemal effect 
‘¢ would be an erythemal viton or E-viton. 
_ The lumen-hour has little application outside the realm 
of cost of lighting. However, in applications of biologically- 
active energy, time or duration of exposure is a very 
important factor in dosage and other usage. In fact, the 
yiton-hour would be analogous to milligrams of cod-liver 
oil, for example, in dealing with antirachitic effect. _ 
_ In these proposals the finsen is an analogue of the foot- 
candle. Therefore, finsen-hours are analogous to footcandle- 
hours. In order to utilize a finsen-hour as a measure of 
dosage it must be multiplied by area of exposed surface. 
Finsen-hours times the area of the receiving surface in 
square centimeters yield viton-hours. 


would emit 47 vitons; and each viton of erythemal gq 7 
would correspond to about 0.9 milliwatt of weight, d 
integral power. That is, the mechanical equivalent of 4 
viton of erythemal energy would be 0.0009 watt, Thig 
value would in general differ from that for another bio, 
logical effect. (A watt = 1000 milliwatts = 1,000,000 mill a 
crowatts.) The weighted light-producing power per sterg_ 
dian of the 1-watt black-body at 6000° K. is the area undep 
C in Fig. 33 and is equal to about 10.9 milliwatts. Assuming 
the mechanical equivalent of light to be 1.61 milliwatts” 
per lumen, the luminous intensity of this source is 6,7 sa 
lumens per steradian or unit solid angle. a 
A theoretical standard source which emits a unit of © 
biologically-effective flux per steradian, or a total of 4a as 
vitons, might be termed a radion. If we would arbitrarily i | 
confine our considerations to the application of ultraviolet — 
energy, the theoretical standard source might be termed q 7 
uvion. However, the term radion is applicable to any bio- 
logical effect of radiant energy, such as that of visible 
energy in the development of chlorophyl in plants. Of 
course, we might turn to mythology and adopt such a term ~ 
as Hyperion after the father of Helios. Such a theoretical — 
standard source provides a scientific foundation-stone 4 
rather than a unit for practical use. Therefore, a name for 4 
it is more of a theoretical than a practical necessity. For 
example, the candle as a unit of luminous intensity has : 
relatively little practical use since the advent of the lumen. ; 
From the analogy between visible and biologically- , 
effective energy, a name might be given to the unit of © 
biological flux per unit area. This unit intensity of biologi- — 
cal flux upon a surface would be analogous to the foot- — 
candle which is equivalent to a lumen per square foot. A : 
strict analogy is a viton per square foot. The utility of 7 
such a unit is obvious, and a short name for it is desirable. — 
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SPECIFIC TERMS FOR ERYTHEMAL EFFECTIVENESS 


From the foregoing it is seen that an entire system . 
units and terms can be developed for biological effective 
ness of radiant energy just as one has been develope i 
through necessity for the specific effect of visible eneroy © 
which produces light or luminosity. However, it is em. © 
phasized that various biological effects differ quantitatively — 
in their relation to radiant energy of various wavelengthg, : 
Therefore, specific units and terms must be developed fo, 
each specific biological effect. To illustrate this fact the — 
general analogy is now presented as a specific one dealing 
with erythemal energy, its production and use.” For this © 
purpose we might have chosen germicidal energy for, ag — 


discussed in other chapters, the germicidal effectiveness of 7 
energy of various wavelengths is now fairly well estab- 


lished for the killing of B. coli. It differs in degree for 7 


various organisms. Other biological effects are not estab- : 
lished well enough for this purpose. Although erythema] q 
effectiveness is not necessarily a measure of any other — 
biological effect, it is of great importance in many present q 


and some promising future applications of ultraviolet — 


energy. | 
Erythemal Energy is radiant energy capable of pro- — 


ducing erythema, just as visible radiant energy is capable of 
producing luminosity or the sensation of brightness. It is 
measured in energy units. | 

Erythemal Flux is analogous to luminous flux or light 
in the strictest sense of the term. Erythemal flux is ery- 
themal energy weighted according to the effectiveness of 
equal amounts of energy of various wavelengths in pro- 
ducing erythema. Luminous flux is visible energy weighted 
according to the effectiveness of equal amounts of visible 
energy of various wavelengths in producing the sensation 
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} prightness Or luminosity. Erythemal flux is radiant en- 
roy weighted according to Figs. 30 and 33 and Table X. 
er ythemal flux in microwatts, for example, integrated 
proughout the erythemal spectrum 1s equivalent in the 
soduction of erythema to the same number of microwatts 
of radiant energy of maximum erythemal effectiveness. 

* For sunlight and ultraviolet energy from artificial 
‘ources for general use as substitutes for sunlight, the 
ervthemal energy is confined chiefly to the energy longer 
shan 42900. This is also true for carbon and quartz mercury 
arcs when properly filtered for this purpose. However, 
rhese fundamental units and terms are applicable to any 
source or equipment. 


4 NIT OF ERYTHEMAL FLUX OR E-VITON 


This is analogous to the lumen. For general use an 
erythemal viton may be designated as an E-viton. A germi- 
cidal viton may be designated as a G-viton and so on. Such 


pa procedure was contemplated in the original discussion of 


terminology by the author and one of his colleagues, L. L. 
Holladay.** *® The E-viton has been standardized by the 


Tiluminating Engineering Society and the International 


Commission on Illumination as a term and also as a quan- 
tity equal to 10 microwatts of erythemal flux. This means 
10 microwatts after being erythemally weighted and, of 
course, is equivalent to 10 microwatts of erythemal energy 
of the wavelength of maximal erythemal effectiveness. 

__ By computation it is found that a 1-watt black-body 
Source operating at about 3255° K. emits one E-viton in > 
every steradian, or unit solid angle, which means a total of 
4z or 12.57 E-vitons. At temperatures of 4200° K. and 
6480° K., the total outputs of a 1-watt black-body are, 


Tespectively, 125.7 and 1257 E-vitons. Mazda CX lamps 


have tungsten filaments in special ultraviolet-transmitting | 


ih 
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bulbs. A 60-watt CX lamp emits a total of 140 E-vitong an dl 
a 500-watt CX lamp emits 3200 E-vitons. The more powep 
ful sources of ultraviolet energy emit much more erythema] 
flux. For example, the 440-watt S-1 lamp emits abou ; 
70,000 E-vitons. : : j 


UNIT INTENSITY OF ERYTHEMAL FLUX 


This is the analogue of the footcandle or, more 1 


properly, the phot. It would be one E-viton per sq. cm, Aa 
name for this term is needed and we have suggested finsey | 


in honor of a recognized pioneer in therapeutic applica. 
tions of ultraviolet energy. According to the magnitude of 
the E-viton, a finsen is 10 microwatts of erythemal flux 
incident upon a projected area of one centimeter. Of 
course, if the finsen were similarly used for other effects, 7 
the unit for intensity of erythemal flux would be designated | 


as an E-finsen. 


Average untanned skin must be exposed about 20 — 


minutes to midsummer sunlight at sea-level on a clear day 


at noon in order to obtain a minimum perceptible ery- : 
thema (MPE). The intensity of erythemal flux in this case — 


is about 18 microwatts per sq. cm. or 1.8 finsens or 1.8 
F-vitons per sq. cm. 


UNIT INTENSITY OF EXPOSURE 


This unit logically becomes one finsen for one second 
or one finsen-second. In accordance with the magnitude of 
the E-viton, the unit of dosage or exposure is 10 microwatt- 
seconds per sq. cm. or 100 ergs of erythemal flux per 
sq. cm. It is obviously convenient to reduce these phrases 
to their equivalent of one finsen-second. This might be 
abbreviated to one FS. A finsen-minute would be one FM 
and a finsen-hour would be one FH. Various measure- 
ments and computations indicate that about 250,000 ergs 
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P vthemal flux per sq. cm. are necessary to produce an 
[PE (minimum perceptible erythema) on average un- 
S ned skin. This is equivalent to about 2500 finsen-seconds 
[ 42 finsen-minutes or 0.7 finsen-hour. Naturally it 1s 
BP yalent to 42 E-viton-minutes per sq. cm. Thus about 
9 E-viton-minutes per sq. cm. produce an MPE on aver- 


se untanned skin. 

NIT OF DOSAGE 

q This is the result of an exposure to one E-viton for 
ne second or one E-viton-second. This unit of exposure 
5 equivalent to 10 microwatt-seconds, or 100 ergs, of ery- 
Semal flux. When the intensity of exposure 1s known, the 
otal dosage in E-viton-seconds 1s obtained by multiplying 
he intensity of exposure in finsen-seconds by the exposed 


7 


brea of the receiving surface in square centimeters. The 
mit of area is one sq. cm. Therefore, the unit of dosage 1s 
"one E-viton-second per sq. cm. multiplied by one sq. cm. 
sr one E-viton-second. If the total area exposed is X sq. cm., 
he total dosage equals X E-viton-seconds. 

' In the prevention and cure of rickets the area of 
| exposed skin is a factor, although its relationship to the 
Anal results is not known with accuracy. From a series of 
experiments on the cure of rickets in children by Dr. H. J. 
Gerstenberger and colleagues for the purpose of establish- 
ing the threshold dosage, the results indicate that about 12 
percent of an MPE exposure daily cures severe rickets in 
babies almost fully clothed or with projected skin areas of 
about 500 sq. cm. This corresponds to about 150,000_ 
E-viton-seconds per day or 42 E-viton-hours per day. Pos- 
sibly even smaller dosages will be found effective and at 
least it may be established eventually that specific exposures 
need not be applied every day. If this is true, the total 


ee 
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effective dosage may be 
daily exposures. 


EFFICIENCY OF SOURCE 


Luminous efficiency is expressed in lumens per watt, | 
Any source of biologically-effective radiation can be rated 
in vitons per watt. Erythemal efficiency of a source would 


be expressed 1 in E-vitons 


In Table XVI is presented a brief summary of ery. 
themal units, terms and magnitudes developed in the 
present paper, not only because they are needed or are. 


useful, but also because 
needed in connection 


radiant energy. The same system of units and terms jg” 
desirable for any other effect of radiant energy. These 
units and terms can be given quantitative values only when 
adequate data relating radiant energy and the specific effect 


are available. 


Summary of Erythemal Units and Terminology 


Unit Name Magnitude | 
Unit erythemal flux............ E-viton 10 microwatts of ery- 
themal flux 4 
Unit erythemal source.......... (Radion) 47 E-vitons emitted — 
Unit intensity of erythemal flux. Finsen One E-viton per a 
cm. ) 
Unit intensity of erythemal expo- Finsen-second One E-viton per sq. — 


sure 


Unit erythemal exposure or E-viton-second One E-viton for one 


dosage 


Erythemal efficiency of source... 


less than the present oa of 


per watt. 


they illustrate a procedure sorely 
with other biological effects of 
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cm. for cne second 


second 4 
E-vitons per watt | One E-viton per val 
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Chapter V 


Germicidal Energy 
eee ee eee 


Nor tone after the discovery of the existence of micro- 
organisms, known in general as bacteria, it began to be 
observed that sunlight killed at least some of them. After 
the discovery of ultraviolet energy in 1801, this invisible 


energy was suspected of being lethal to organisms that are 


not too well protected with an outer covering that cannot 
be penetrated or damaged by ultraviolet energy. During 
the present century an increasing amount of research has 
been devoted to the problem of ascertaining the germicidal 
effectiveness of ultraviolet energy of various wavelengths. 
It is now generally accepted as a fact that nearly all 
bacteria may be killed or attenuated by ultraviolet energy 
of certain wavelengths but that different species vary con- 
siderably in their resistivity or rate of destruction. Those 
organisms whose normal habitat is the animal body are 
generally more easily killed than those living in an environ- 
ment flooded with sunlight or skylight. It is natural that 
the latter become more or less adapted to solar energy, 
including the ultraviolet component of sunlight and sky- 
light. 


WAVELENGTH OF MAXIMAL EFFECTIVENESS 


A number of investigations have been made of the 
relative germicidal effectiveness of ultraviolet energy be- 
tween A2200 and 3000. The results generally indicate that 
the maximum effectiveness occurs somewhere between 
42500 and A2650. Hollaender *° found that the relative 
effectiveness of ultraviolet energy of various wavelengths 


Was approximately the same for different types of bacteria. 
107 
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However, it is known that the resistivity of various ty q 
of bacteria varies considerably. Gates ** obtained Me 
results which indicated that the wavelength of maximus 
germicidal effectiveness varies somewhat with the percen f 
of bacteria killed. He found this maximum to be at )2 537, 
for S. aureus and 42650 for B. coli with 42537 nearly al 
effective. Hollaender and Claus” found energy of 22537 
to be most effective for B. coli but stated that there wer 
indications that the maximally effective energy was be. 
tween A2537 and 42650. Some earlier work by L. L. Holla. 


day indicated that the maximal germicidal effectiveness of 


radiant energy in killing B. coli on agar plates is somewhere 
in the region between 42537 and 2576. I. Weinstein 33 


presented data showing that energy of 2650 was most © 


effective in killing paramecia, but energy of 2537 was 
very nearly so. An extensive investigation recently com-_ 
pleted by the author and his colleagues definitely indicates ! 
that the maximal germicidal effectiveness in the killing of - 
B. coli in shallow depths of water is exhibited by energy 


from 42537 to 2575. Within the experimental error, any — 


wavelength in this spectral range may be accepted as that 
of maximal effectiveness. 3 


- SPECTRAL RANGE OF GERMICIDAL EFFECTIVENESS 


Doubtless the spectral range of germicidal effective-_ 
ness, particularly the short-wave limit, is determined by ~ 
the ability of the energy to penetrate the organism suffi- ’ 
ciently to produce enough damage to kill it. The trans- ~ 
parency of substances is generally low for short-wave ~ 
ultraviolet energy, and in general the transmission-factor — 
decreases with decreasing wavelength. Even air absorbs — 
ultraviolet energy markedly beyond 2000. It is conceiv- — 


able, and even probable, that short-wave ultraviolet energy — 


— . 
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| ot penetrate the outer coating of some organisms 
‘ciently to produce enough damage to kill them. 

q The short-wave limit of germicidal effectiveness, as 
j ounced by various investigators for B. coli and similarly 
nsceptible bacteria, ranges from 21700 to 2260. It is 
“obable that these variations are due largely to different 
Erensities of energy and experimental conditions. 

- Jt is well known that the germicidal effectiveness of 
irraviolet energy decreases rapidly as the wavelength in- 


L ca 
eases from 2537 to the short-wave limit of the solar 


spectrum in the region of 42930. Since the germicidal 


ectiveness of energy of longer wavelengths than 43100 
< relatively low, little work has been done on the relative 
sfrectiveness of energy in the solar spectrum. Hollaender ** 
tates that the intensity of energy or exposure necessary to 
al] bacteria with energy of longer wavelengths than 3650 
5 1000 to 10,000 times that necessary with energy shorter 
than 43000. Coblentz and Fulton * have presented some 
Jata for long-wave ultraviolet energy. 

There is little doubt that the long-wave limit of ger- 


micidal effectiveness may depend somewhat upon the type 


of organism, but particularly upon the exposure and ex- 


perimental techniques. As seen later, the author and his 
colleagues studied the germicidal effectiveness, with B. coli 


gn agar and in shallow dishes of water to which nutrient 


had been added, by means of filters whose short-wave 
cut-offs or limits of transmission varied from 42000 to 
5800. The exposures ranged from 0 to 210 minutes, de- 
pending upon the filter and the source of energy. Not only 
is the ultraviolet energy abiotic throughout the long-wave 
egion, but visible energy kills B. coli in water if the 


exposure—intensity X time—is adequate. The germicidal 
eifectiveness of 42537 appeared to be 4000 times that of 


3 ergy of A3650; about 10,000 times that of A4047; at 
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least 30,000 times that of 45461; and perhaps 35,000 tin a yence, might re-infect the remainder of the solution, 
that of 5780. 7 |. horizontal dish of water was revolved by electric 


Ser at 2 tate of two revolutions per minute. Thus all 
j he dish were more nearly equally exposed. 


SPECTRAL GERMICIDAL EFFECTIVENESS . a 

There are various basic reasons for determining the 
germicidal effectiveness of radiant energy throughout the 
entire spectral range of ultraviolet and visible energy. Such 
data are essential to the development of the science up on 
which the technology of use of germicidal energy must be 
founded. With such data available, the germicidal efficieney 
of sunlight, skylight and artificial sources of germicidal | 
energy can be determined. In many ways the spectral &€§ 4 AT} ft tt ft tt 
effectiveness of radiant energy is useful in practice. Fop NE 
these reasons the author and his colleagues, L. L. Holladay | 
and A. H. Taylor, undertook an extensive series of re- 
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searches whose combined results have established the effec. 7 =o ise 
tiveness of radiant energy of various wavelengths in the ooh 
killing of B. coli. The final results are presented in Fig. 34, Jas 
First the region between 42220 and 3132 was studied === alae 
by means of a large quartz spectograph in which agar [ll ln n= ck Sd 
Le FS a DF Oe FE Fa ae oe 


coeses 
ie ie ca SG 
ers 6000 7000 


5000 


plates seeded with B. coli were exposed to the ultraviolet 
spectrum of a quartz mercury arc. [he intensity of radiant 
energy of various wavelengths incident on the plate was” 
determined. After exposure to the ultraviolet spectrum for j 
various periods of time, the seeded plates were incubated { 
for about 24 hours at 37°C. Then the colonies were ~ 
actually counted on equivalent areas of exposed and unex- ' 
posed portions of the plates. Exposures ranged from 1 to 60— 
minutes. } 

A second method involved exposures of B. coli im 1 
shallow dishes of water about one cm. in depth. In order q 
that the bacteria around the edges of the dish might be — 
more or less protected from the radiant energy and, as a 
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| ie. 34, The relative germicidal effectiveness of ultraviolet energy of 
yarious wavelengths as determined by the killing of B. coli on seeded 
agar plates and in shallow dishes of distilled water. 


_ Precautions were taken to eliminate the tendency of 
the organisms to die from other influences than irradiation. 
The temperature of the water was kept from rising appre- 
Ciably by ventilating the dish from above and below. The 
composition of the liquid was so adjusted by the addition 
of a minute quantity of heart infusion broth that the con- 
sentration of B. coli in the water remained sufficiently 
constant for hours if need be. At any rate this provided 
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effective control by comparing the exposed samples wi ! 
those unexposed. The irradiated samples were kept in 
comparative darkness, along with the control samples, yyy 
all samples had been exposed. Then cultures were made 
from all the samples at the same time and under identicgy 
conditions. The B. coli were originally 24 hours old, Tha | 
cultures were made by mixing a measured amount of each 
sample in a standard solution of Levine’s eosin methyl blyg 
agar. After incubating at 37° C. for 24 hours, the. colonies 
were counted in the usual manner. g 
The work was done with combined sunlight and sky 
light and with skylight alone by casting a shadow of the — 
sun on the dish. The spectral energy distribution of sun. 7 


, 
B. 
iy 
S y 
od 


mined as discussed in Chapter II. Exposures were made on 
many clear days and standard spectral energy distributions _ 
were used, as developed during many years by ourselves q | 
and others. A series of filters was used. Their short-wave : 
limits of transmission and their transmission-factors for — 
energy of various wavelengths are shown in Fig. 35. Brief _ 
descriptions and the approximate short-wave limit of trans- 
mission of the filters, designated by the letters in Fig. 35, © 
are as follows: | 


| A, Corning No. 974 glasses. 022... 2000 
| | B, Corning No: 970: glass. a0 60. 62. 2600 
CAPR yirex eens inne ec at ee wee Roe als 2900 
D, Blue fluorescing glass............ 3100 
E, Ordinary plate glass, 1g inch..... 3300 
Be Green‘elasss ia. aki. oe cas es on 4000 
G, Yellow glass....... Gea ees cota 5000 
Pied: Classnc stove nt) Mare uns rs 5800 


The dishes were exposed to skylight and to combined ~ 
sunlight and skylight on clear and fair days during thei™ 
middle part of the day. An important reason for using — 
B. coli in water was the necessity for long exposures for 


light during the midday hours on clear days was deter. 7 
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q wave ultraviolet energy and visible energy. The series 
| . filters progressively absorbed more and more of the 


cont-wave energy as shown in Fig. 35. 
ort- 
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Fic. 35. “The transmission-factors of a series of useful filters for ultra- 


yiolet and visible energy of various wavelengths. 


A, Corning 974 glass E, Ordinary plate glass 
B, Corning 970 glass F, Green glass 

C, Pyrex G, Yellow glass 

D, Blue-fluorescing glass H, Red glass 


_ Finally, a 360-watt quartz mercury arc was used. The 
dishes containing the B. coli in water were exposed to 
radiant energy from this source at a distance of one meter 
through the various filters. By properly taking into account 
the energy of various wavelengths which reached the 
B. coli through each filter, it became possible to appraise 
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the germicidal effectiveness of equal amounts of energy fon 
i 


each of the wavelengths of energy in the spectrum of re 
quartz mercury arc. ‘Thus data were obtained for enep, i 


micidal Energy 
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TABLE XVII 


‘ned on a Horizontal Surface One Meter Below a 360-Watt, 115-Volt, 
f Quartz Mercury Arc without a Reflector 


from 22 59 to 46830. These data were combined With the | pclenth Ze. eet ibe ee niin nae ee 
data obtained by the other two investigations into the oye, ao 33 3.43 
all curve of spectral germicidal effectiveness illustrated ia E3 12.3 50 6.15 
Fig. 34. We believe this well represents the facts for killing _ 2399 ee a aa 
B. coli in air, on agar and in shallow depths of water, ~~ 133 12.0 84 10.08 
The intensity of energy in the various spectral bands : se is mee 
of the quartz mercury arc without a reflector is presented | es 28.3 96 27.20 
in Table XVII at a distance of one meter. The germiciday 2700 ie ee : ee 
effectiveness of energy as determined for each wavelength ae 11.8 57 6.72 
is presented in the third column. In the last column is the © 2894 Le = ire 
intensity of germicidal flux of the various wavelengths at q | ce 15:7 13 2.04 
distance of one meter. Germicidal flux is germicidal energy | 3022 ap ae ae 
weighted in accordance with its germicidal effectiveness, 1 aa 14.6 0013 019 
It is described as equivalent microwatts per sq. cm, | 3654 ae ie oes 
of energy of the wavelength of maximum germicidal - oe 55 7 000058 0032 
effectiveness. 4 5461 64.5 000031 0020 
4 5780 62.2 000028 0017 
GERMICIDAL EFFECTIVENESS OF SUNLIGHT AND B80 eel tient ee 
SKYLIGHT 608.4 128.1913 


In Fig. 36 are shown the survival-ratios of B. coli in 
shallow dishes of water after exposure to combined sunlight — 


i 
5 


and skylight from the entire sky during the midday hours _ | ie 7 tee 
on clear days in summer. hese data were obtained with no ~ 2200 25 
filter over the dish. On clear days the intensity of germici- q oe - 
dal flux on the horizontal dish averaged about 5.7 micro- © 2500 91 
watts per sq. cm. of energy equivalent to the germicidal ' aaa i 
effectiveness of 42537. On hazy or slightly overcast days © A | 2 


the intensity of germicidal flux was measurably less. An — 
average value for midday on several days was 3.64 mi- ~ 
crowatts per sq. cm. equivalent to 42537 in germicidal — 
effectiveness. : } 


Relative Bactericidal Effectiveness of Radiant Energy 


j Visible energy from 4000 to 17000 varies between 0.01 and 0.001 percent, 
or one thousandth and one ten-thousandth, of the (maximal) effectiveness of 
energy of \2537 to A2600 as determined for B. coli. | 


Wavelength in Percent of 
Angstroms Maximum 
~, -&2300 60 
2900 30 
3000 6 
3100 1.3 
3200 0.4 
3400 0.09 
3600 0.03 
4000 0.01 
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By casting a shadow on the dish, the effectivenesg , 


skylight from the entire sky was studied. ‘The duration a 
these exposures varied from 0 to 210 minutes. The inteng.. 
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| Fic. 36. Survival-ratios of B. coli in shallow dishes of water after vari- 
ous exposures of 0 to 60 minutes to combined sunlight and skylight — 
from the entire sky during the midday hours on clear days in summer. j 
of germicidal flux on the dish averaged about 2 microwatts ” 
per sq. cm. of energy equivalent to 42537 in germicidal — 
effectiveness and it was approximately the same for sky 
conditions that may be described as clear, scattered clouds, 
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fn d slightly overcast. During the midday hours on 
days the entire sky appears to contribute about 35 
ag sat of the total germicidal flux from combined sunlight 
BC kylight as measured on a horizontal plane. On hazy or 
4 a overcast days the entire sky contributes a greater 
Bota ge of the total germicidal flux due to combined 
q ioht and skylight. An average of a number of such days 
e s that the entire sky contributed about 60 percent 


dicate 
é the total. a 
' The foregoing results for skylight might be antici- 
sted from the data presented in Chapter II on the ery- 
Pemal energy and flux in sunlight and skylight. However, 
Fe measurement of erythemal effectiveness of sunlight and 
kylight provides only an approximate indication of their 
yermicidal effectiveness. The intensity of erythemal flux on 
| horizontal plane was found to be generally greater than 
fhe intensity of germicidal flux. An average of many 
measurements indicated that the former was generally from 
) to 5 times as great. This might be suspected from the fact 
that the maximal erythemal effectiveness is at 42967 which 
gs near the short-wave limit of the solar spectrum. The 
maximal germicidal effectiveness is in the region of 42537 
which is far beyond the limit of the spectrum of sunlight 


ol skylight. 


COMPARISON OF SOURCES 


_ The survival-ratios of B. coli in shallow dishes of water 
are shown in Fig. 37 after exposure from 0 to 3 minutes to 
the radiant energy from a 360-watt, 115-volt quartz mer- 
cury arc one meter above the dish. The source was not 
equipped with a reflector. Naturally with a proper reflector 
the intensities would be greater but they would be depend- 


ent upon the characteristics of the reflector. The intensities 


of radiant energy in different spectral bands, incident on 
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the shallow dish, are presented in ‘Table XVIL. It is ca 


that at a distance of one meter this 360-watt quartz arc 1 


if 0:1 : ° 
Oe — ached that the germicidal efficiency (output of germi- 
ciel Nese be ee Ee eee a : 
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; ae 3 - cury Arcina Tube of Special Ultraviolet-Transmitting Glass 
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cidal flux per watt) of this 360-watt quartz mercury arc is 
about 11.5 percent of that of the socalled germicidal lamp. 
n other words, the latter is about nine times more efficient 
than the former for germicidal purposes. These data apply 
to the lamps without reflectors. Considering the low watt- 
age of the germicidal lamps, the difficulties from the heating 
effect are negligible compared with those attending the use 
of the less efficient quartz mercury arcs. Therefore, germi- 
idal lamps can be used closer to materials without damage 


Fic. 37. Survival ratios of B. coli in shallow dishes of water after vari- 
ous exposures of 0 to 3 minutes to the radiant energy from a 360-watt 
quartz mercury-arc one meter above the dish. 


as many B. coli in water as the midday intensity of com= 
bined sunlight and total skylight kills in one hour. { 

The data in Fig. 37 also represent fairly well the sur- 
vival-ratios of B. coli in water after exposures of similar 
duration to a 30-watt germicidal lamp at such a distarice 
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: 5 the same intensity of germicidal flux is incident on the 
‘allow dish. The significance of this is clear from Table 
VII. By: following through the data the conclusion is 
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from heat. Taking all the practical aspects into account on ; 
may conclude conservatively that a 30-watt germicidal 
lamp can often be more effective in practice than g 30 
watt quartz mercury arc. | iy 

In Table XVIII it is seen that the intensity og 
germicidal flux on a horizontal plane one meter below the 
germicidal lamp is 82 microwatts per sq. cm. This can pe 
considerably increased by means of a reflector of Properly 
treated aluminum. About a foot below a 30-watt germicida] 
lamp in a proper reflector one can readily obtain an inten 
sity of germicidal flux of 600 microwatts per square centi-_ 


= 


meter. This intensity is 100 times that at the earth’s surface 


due to combined sunlight and total skylight during midday 
on clear days in midsummer. It is 300 times that due to the _ 
entire sky. Therefore, from a practical viewpoint the ger- q 
micidal effect of one 30-watt lamp can be easily as great in 
one minute as that of the best combined sunlight ang 
skylight in one hour. a 

The foregoing data pertaining to quartz mercury arcs _ 
are subject to change due to various factors in the design — 
and maintenance of the burners. ‘The data for the 30-watt — 


t 

: 
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germicidal lamp are also subject to change if the composi- ~ 
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i The spectrum of the energy emitted by the germicidal 
"+s shown at the bottom of Plate V. This is the spec- 
pP of mercury vapor at a very low pressure. It is seen 
DF here are many gaps in the spectrum compared with 
q spectrum of mercury at relatively high pressures. ‘The 
. spectrogram on Plate V is that of the ordinary quartz 
Becury arc. The other spectrograms were obtained with 
’ S-1 lamp in a quartz bulb. This lamp Is a combination of 
fe rcury vapor and tungsten filament as illustrated in Fig. 6. 


A 


These spectrograms were made successively, beginning im- 
mediately after the S-1 lamp was turned on and at various 
atervals afterward up to 30 minutes. It 1s seen that as the 
amp became hotter, the spectrum of mercury became 
more pronounced. Also an absorption band became more 
snd more evident in the region of 42537. ‘This shows how 
the pressure Or density of mercury vapor alters the spectral 
sharacter of the energy it emits. Incidentally, the S-1 lamp 
is equipped with a bulb of special glass with a short-wave 
sutofi at about 42800. Plate V shows the spectral character 
»f energy emitted when it is equipped with a quartz bulb. 
_ A graphical summary “ of the spectral distribution of 
er ergy emitted by three kinds of sources of ultraviolet en- 


7 


tion and thickness of the ultraviolet-transmitting glass are 
altered. However, the comparisons of these various sources — 
reveal the great advantage of the new germicidal lamps over 
the older quartz mercury arcs and the really enormous ~ 
advantage over the best sunlight and skylight which reaches ~ 
the earth’s surface. The germicidal lamp is an overwhelm- q 


ing challenger of the sun. Comparing its possibilities m — 


germicidal fields with that of its predecessor, the quartz 
mercury arc, is analogous to comparing the possibilities of 
modern fluorescent lamps in lighting with those of the old 
carbon-filament lamps. 


"ergy is found in Fig. 38. Some of the major effects of light 
‘and radiant energy are also shown in order to illustrate the 
relative values of the sources producing a certain effect. It 
is seen that the quartz mercury-arc emits ultraviolet energy 
In various regions of the ultraviolet spectrum. Sunlamps 
are purposely designed to emit no appreciable energy 
shorter than 42800. Therefore, their antirachitic effective- 
ness may be high, but their germicidal effectiveness is rela- 
tively low as is true for natural sunlight. The reason for 
the relatively high germicidal effectiveness of the low- 
pressure mercury arc (germicidal lamp) is the relatively 
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a ai - poe os ee | fre amount of ultraviolet energy emitted in the region 
i Peale . 
€0 
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ERMICIDAL LAMPS | 
’ probably it is confusing to refer to a specific source of 


fe 
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60 : 
. ermicidal energy as a germicidal lamp. However, in the 
40 psence of a specific name for the low-pressure mercury 


re, with special ultraviolet-transmitting glass, it is known 
| this non-distinctive and misleading term. It 1s not a 
4 p in any practical sense. It is a source of germicidal 
nergy of relatively high germicidal efficiency. The light 
which it emits 1s incidental and generally insignificant. 
rt oughout these discussions the term, germicidal lamp or 
source, is applied to this specific type of mercury arc of 
ery low vapor pressure. 

Germicidal lamps are fundamentally of the same 
jesign as corresponding fluorescent lamps. They are physi- 
sally the same with the exception of the composition of 
the glass and the use of phosphors. The strictly germicidal 
amp contains no phosphor coating on the glass tube or 
“bulb.” However, a combination germicidal lamp and 
‘sunlamp” can be made with a thin coating of a phosphor 
emitting energy in the region of 2900 to A3100 on the 
Wspecial glass which is highly transparent to the energy in 
the region of 42537. Both the composition and thickness of 
aa | the ultraviolet-transmitting glass of the germicidal lamp 
affect its transmission-factors for energy of various wave- 
lengths. If the specific glass is thin, it may transmit enough 
energy in the region of A1800 to 42000 to produce consid- 
rable ozone. If it is too thick, it will reduce the output of 
the energy at 42537. For these reasons, germicidal lamps 
vary somewhat in their output, but in Table XIX are pre- 
sented some average results for germicidal lamps which do 
hot produce objectionable amounts of ozone. It is seen that 
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Fic. 38. Illustrating the energy of various wavelengths emitted by | 
quartz mercury-arcs, a sunlamp, and the socalled germicidal lamp, m q 
relation to germicidal, erythemal and visual effectiveness of radiant — 


energy. 
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practically all the ultraviolet energy is emitted in the regio 
of 42537 which, as seen in Fig. 34, is approximately the 
most effective in killing germs. | ‘ 


With the data in Table XIX in mind, it is we] ta | 


examine the ultraviolet spectrum of the energy emitted py 
the germicidal lamp. This 1s illustrated in Plate JI, Even 


a 


casual examination of the spectrum reveals how misleading 
a spectrogram can be. The spectral lines at 2967, r3024 
> 


: 
+ 
‘ 


made and interpreted, but they are no substitute for actual 
measurements of energy of various wavelengths. 


TABLE XIX 


Relative Amounts of Energy of Various Wavelengths Emitted by Typica] 
Germicidal Lamps 


Wavelength Relative Energy 

2537 100 

2652 0.16 
2804 0.04 
2894 0.10 
2967 0.43 
3022 0222 
3130 1.9 

3650 2.0 


At the present time germicidal lamps are made in © 
straight tubes of special glass and, exclusive of the ballast, ~ 


are of three wattages. The 30-watt lamp is 36 inches long 
and has a glass tube one inch in diameter. The 15-watt lamp 


is 18 inches long and has a tube one inch in diameter. The — 


8-watt lamp is slightly more than 12 inches long with a 
glass tube % inch in diameter. A 4-watt lamp has a tube 
bent back on itself which makes it a lamp with only one 
base. ae 


Ya 


pb) 


A3132 and A3663 are quite conspicuous on the spectrogram 
in Plate I, but the combined energy of these wavelengths 
as seen in Table XIX is less than 5 percent of the energy in 
the region of 42537. Spectrograms can be useful if properly. 


> 
_ 
3 
fa 
' 

t 


50 . 
i 
ia 
{ 
my 


a ‘cidal Energy 125 
: { The average outputs of germicidal energy in the 
Bon of 42537 of the 8-watt, 15-watt and 30-watt germi- 
5,1 lamps are approximately 1.5, 3.0 and 7.2 watts, re- 
ectively. These values were obtained after the lamps had 
sen operated 100 hours. Initially their outputs of germi- 
dal energy were about 22 percent greater. After 2500 
ours their outputs were about 24 percent less than at 100 
ours of operation. The 30-watt lamp is about 50 percent 
ore efficient in the production of germicidal energy than 
he 15-watt lamp. Obviously, these values are subject to 
shange with improvements in these socalled germicidal 
Eaps. They are not invariable among a group of lamps 
swing to the inevitable variation in the thickness of a 
siven ultraviolet-transmitting glass. 

© Tt is a well-known fact that the inverse-square law 
should not be generally applied for distances from a source 
of radiant energy which are less than about five times the 
maximum projected dimension of the source in a given 
jirection. However, the inverse-square law can be applied 
to a bare germicidal lamp, in a direction perpendicular to 
the lamp, at distances greater than 6 feet for the 30-watt 
lamp, 3 feet for the 15-watt lamp and 2 feet for the 8-watt 
lamp. 
_ From spatial measurements of germicidal energy 
emitted by these sources, factors have been derived by 
means of which the total output of germicidal energy in 
watts may be computed from measurements of microwatts 
per sq. cm. at any given distance from the lamp in the 
tange for which the inverse-square law is valid. If W rep- 
resents the output of energy in the region of 42537, M the 
intensity of germicidal energy at a distance d in centimeters 
and K is a constant, then 
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Distribution measurements made at appropriate dista 
for the 8-, 15- and 30-watt lamps yielded values of K ¢ 
to 9.27, 9.32 and 9.76, respectively. 


by a percentage equal to 100 minus the overall efficien 


; cya 
of the reflector. : 

In Chapter IV, units and terminology are discusseq. | 
The term viton was coined for use for various effects ofl 
ultraviolet energy. Obviously in the case of germicidal — 
effectiveness of sources of ultraviolet energy, the energy ] 
of various wavelengths must be weighted according to the 
germicidal effectiveness of energy of each wavelength as © 
shown in Fig. 34. However, such weighting is scarcely nec. 
essary in the case of the socalled germicidal lamps for the 
reason that practically all the ultraviolet energy is emitted 
in the region of maximal germicidal effectiveness. In other — 


words, the watts of energy emitted in the region of \2537 
are a direct measure of the germicidal flux. 

If it is desired to continue the system in which the 
viton is used, a G-viton could be defined as being equiva- 
lent to one milliwatt or microwatt of radiant power of 
maximal germicidal effectiveness. The magnitude of the 
unit depends upon the effective intensities of germicidal 
flux determined in practice. If these socalled germicidal 


lamps were the only sources of germicidal flux in extensive — 


use, such a term as G-viton would not be needed. Watts, 
milliwatts and microwatts of radiant power in the region 
of 42537 serve very well. Besides, the germicidal effective- 


ness of this energy varies with different organisms. There- 


fore, a G-viton would have different lethal values depending 
upon the organism to be killed. 


nees 
qual 

The foregoing discussions apply to bare germicidal 
lamps. If used in a reflector, the value of W will be reduced _ 
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eRMICIDAL UNITS AND TERMS 


" In Chapter IV the need for units and terms for any 
+ en biological effect of radiant energy is discussed and a 
pmplete system was developed using erythemal effect as 
mm example. A similar system could be developed for ger- 
-icidal effectiveness. However, some of the need for it and 
. certain terms disappears owing to the fortuitous acci- 
lent that practically all the germicidal energy emitted by 
he new low-pressure mercury vapor lamp—socalled germi- 
jdal lamp—is concentrated in the spectral region of 42537 
syhich is also the spectral region of maximum germicidal 
sfectiveness of radiant energy. Therefore, for all practical 
surposes when dealing with this socalled germicidal lamp, 
nermicidal energy is numerically equivalent to germicidal 
Aux. To be strictly correct its output in germicidal micro- 
watts should be termed germicidal radiant power instead of 
sermicidal radiant energy. The microwatt, milliwatt, and 
watt are units of power. The microwatt-minute as well as 
the watt-hour are units of energy. Therefore, a microwatt 
AC tually represents radiant power and microwatt-minutes 
represent energy. 

'  Microwatts per sq. cm. represent intensity of radiant 
power. Microwatt-minutes per sq. cm. represent the total 
energy incident upon a sq. cm. of surface. However, the 
word power is used in so many senses that it is often less 
misleading to use the term germicidal radiant energy when 
| we actually mean germicidal radiant power. The unit of 
measurement used in any case identifies the meaning. 

_ In these discussions of radiant energy and its different 
biological effects it is desirable to use the metric system of 
units wherever possible. We may adhere to this in basic 
Considerations, even though we use feet, cubic feet, gallons, 
€tc., when dealing with the strictly engineering aspects of 
practical applications. 
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For those who wish to convert microwatts 
into milliwatts per sq. ft. or vice versa, 


one milliwatt per sq. ft. equals 1.076 microwatts per sq. cm, 
one microwatt per sq. cm. equals 0.929 milliwatt per sq. ft. 


For many practical purposes the two units may be con : 


sidered to be equal. 


SURVIVAL-RATIO OF BACTERIA 


In the application of germicidal energy, exposure ig 9 
matter of total incident energy per unit of area. Therefore _ 
exposure 1s a product of the intensity E and the time ; 1 
From much experience with various exposures and thejy _ 
bactericidal effectiveness we find that intensity is conven- q 
iently measured in microwatts per sq. cm. (or milliwatts 7 
per sq. ft.). For a powerful source such as the germicidal 
lamp, time is conveniently measured in minutes. In some | 
applications in which killing of bacteria takes place quickly, | 


time may be measured in seconds. (See Plate XIV.) 


The survival-ratio is the fraction of the original con- 
centration P, of bacteria surviving after a given exposure, q 
The concentration of bacteria is the average number per 
unit area in the case of surfaces. When dealing with vol- — 
umes such as air or water, the concentration of bacteria is _ 


the number per unit volume. 

From the results of thousands of cultures of exposed 
air and water containing B. coli, it appears that the expo- 
nential relationship between survival-ratio and exposure 
holds approximately for an extensive range sufficient for 
practical purposes. This relationship may be represented 
for the exposure of bacteria in air as follows: 


5 aa e KE (1) 


where ¢ is the base of the natural system of logarithms 


per Sq. cm, 
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is the intensity of germicidal flux 
tis the time 


; Ae the exposure S Rate 
; fk i a constant depending upon the humidity, etc. 
9 


jerml 


When the exponent of e (about 2.7 18) is minus unity 
4 e survival-ratio equals 0.368. The exposure Ez, corre- 
ponding to a survival of 36.8 percent, has been termed a 
jethe by Wells.® We have also termed it a unit lethal 
euposure. Obviously, if the exposure for one given survival- 
ratio has been accurately determined, this exponential law 
"can be drawn as a straight line as in Figs. 36 and 37 when 
the ordinate scale is logarithmic. By extending this straight 


line through this one well-established point to a survival- 


jirection, the survival-ratios for other exposures are readily 
obtained. Of course, it is far better to establish several 
4 oints by means of actual experimental data. 
Obviously the survival-ratio of bacteria is one minus 
he fraction killed. For example, if 0.368 of the original 
number of bacteria survived, 0.632 were killed. If one 
wishes to express the survival in percent, the term survival- 
yatio should be replaced by percent surviving. Survival- 
ratios vary from 1 to 0. Percent surviving varies from 100 
Mito 0. The percent killed is 100 minus the percent surviving 
‘and varies from 0 to 100. 

} For the exposure of B. coli in water we have found it 
‘convenient to express the exponential relationship between 
‘exposure Ez and survival-ratio as follows: 


Et 
ae @ (2) 
0 


‘where Et is the exposure (intensity X time), Q is the unit 
"lethal exposure or the exposure which results in a survival- 
Tatio of 0.368 or 63.2 percent killed. 


ratio of unity for zero exposure, and also in the other 
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As seen later, the resistivity of bacteria to 
energy varies considerably. Therefore, it is q 
whether such terms as Jethe and wnit lethal exp 
much practical value. Their numerical valu 
expressed in microwatt-minutes per sq. cm. 
minutes per sq. ft. Inasmuch as these numerical values var 
with the resistivity of the bacteria, exposure for a 


percent survival or kill also varies with different ki 
bacteria. 


A GERMICIDAL UNIT OF EXPOSURE 


It appears that a term of more practical value would q 
be one which substitutes a word or two, or a letter or two, i 
for the exposure Et. This would be a term for a given | 
number of microwatt-minutes per sq. cm. An exposure unit | 
EU might be used but this could be confused with an } 
erythemal unit of exposure. Therefore, the letters GU 


might be used to indicate one germicidal unit of exposure, 
For the new germicidal lamp, germicidal energy and ger- 
micidal flux are numerically nearly equal. For any other 
source of germicidal energy, the energy of various wave- 
lengths would have to be weighted in accordance with 
their germicidal effectiveness. This converts germicidal 
energy into germicidal flux which, fortunately in the case 


of the new germicidal lamp, is practically the same. (See 
Plate I.) } 


Owing to the high germicidal efficiencies of the new 


germicidal lamps, applications of germicidal energy will 
almost entirely involve their use. Taking this into consid- 


eration, along with the fact that the resistivity of various 


types of bacteria differs, it appears more practical to meas- 
ure exposure Hz in such units as microwatt-minutes per 
sq. cm. For brevity and convenience, one germicidal unit 
of exposure GU would be equivalent in germicidal effec- 
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4 ess to one microwatt of 42537 incident upon a pro- 
{ven 


red area of one square centimeter for a period of one 
e te. Therefore, one germicidal unit of exposure would 
Q U ; 
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y expressed as follows: 
ye 
q 


| one GU equals one microwatt-minute per sq. cm. 
: 
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he size of this unit is such that fractions of it would not 
r very often in practice. oe 

It is emphasized again that the resistivity of various 
micro-organisms varies over wide limits. Even B. coli are 
Tore resistant in moist air than in dry air. They are at 
- several times more difficult to kill in water than in 
a erage air. Therefore, any unit of exposure ipa hi 
Ben a given type of bacteria would not have a fixed ger- 
ticidal value. However, a unit of exposure based upon 
germicidal effectiveness as illustrated in Fig. 34 and Table 
5 IL, is of more direct, practical and universal value. This 
should become even more evident in later chapters. 

j Those who insist upon continuing the mixture of two 
systems of units could define the germicidal unit of expo- 
sure as follows: 


it 


one GU equals 0.929 milliwatt per sq. ft. 


KILLING VARIOUS ORGANISMS 


Although a great deal of work has been done toward 
ascertaining the lethal exposure necessary to kill various 
‘organisms,°° it is impossible to coordinate the results owing 


‘to a lack of data pertaining to the intensity and spectral 


character of the radiant energy employed. With the advent 
‘of the socalled germicidal lamp with its high germicidal 
‘efficiency, and its concentration of ultraviolet energy at 


22537, it is inevitable that much experimental work will be 
' done with various organisms. It will be possible to coordi- 
‘nate the results if simple measurements of energy and 
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exposure are also made. Although the output of germigj dal 
flux varies among different germicidal lamps, Owing a 
variations in the thickness of the glass, a simple specificg_ 
tion of distance of the lamp from the exposed material will 
indicate the approximate intensity of germicidal flux, (See. 
Plates VI, VIII, [X and XI.) | ’ 

It is convenient to use the relatively harmless B. eo}; 
for fundamental investigations, as discussed in these chap. 
ters, but it should be emphasized that the exposure neces : 
sary for a given survival-ratio or percent kill varies nov 
only with the organism but even with the same organism - 
in different environments. The resistivity of most disease. 
producing bacteria and viruses appears to vary from about 
one to ten times that of B. coli. In practice this results in © 
different survival-ratios for a given exposure. Obviously — 
the same survival-ratio may be obtained for different patho. 7 
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Factors of safety in the design of an installation of germi- ~ 
cidal lamps can readily be provided to take into account _ 
the higher resistivities of some of these organisms. ' 

When spore-forming bacteria, fungi and yeast are to : 
be killed, much greater exposures are necessary than in the © 


permit the energy to reach vital regions. 
Experiments wit 


genic bacteria and viruses with suitably different exposures, ¥ 


case of pathogenic organisms. When time is limited, the 7 
intensity of germicidal flux must be greatly increased. Such 
organisms appear to be from 2 to 50 times more resistant _ 
than B. coli. We have found the resistivity of plants to q 


> 


damage by energy of 42537 to vary greatly. In the case of — 
bacteria which do not possess an impenetrable covering, — 
adequate germicidal exposures are bound to be destructive. ~ 
However, there may be some whose outer layers or coat- 1 
ings are not sufficiently transparent to energy of 42537 to © 


h paramecia, insects and worms indi- — 
cate that germicidal energy will kill them if it penetrates : 
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A with sufficient intensity for a sufficient period of time. 
Beall earthworms, irradiated in a few drops of water 
| eep them moist, were alled by exposures to erythemal 
roy equivalent to ten times that which produces a 
+ simu perceptible erythema on average untanned human 
Gn. They were killed in 7 minutes at a distance of 15 cm. 
© an S-4 sunlamp and in one minute at the same distance 
ym a 360-watt quartz mercury arc. Paramecia in water 
sccumbed to exposures about twice that necessary to pro- 
ce an MPE on untanned skin. A 30-watt germicidal lamp 
Kiled small earthworms in 20 to 80 minutes at distances of 
0 to 50 cm., respectively. 7 

; Sufficient exposure to visible energy from a tungsten- 
jlament lamp, projected through thick lenses to absorb the 
iitraviolet energy and through a water-cell to absorb most 
f the infrared energy, will kul paramecia. An exposure 
which killed paramecia in water in 75 minutes killed them 
mm 1 to 2 minutes when a slight amount of eosine or fiuo- 
rescein was added to the water. These socalled photosensi- 
rizers had no apparent effect on the paramecia in subdued 
light. In these cases they increased the lethal effect of 
intense visible energy so that the latter was as effective as a 
considerable exposure to ultraviolet energy. 

_ Fig. 39 is made from a print through an actual plate 
of glass whose surface was infected with B. coli. ‘The plate 
v as placed in a quartz spectrograph and exposed 45 and 30 
n inutes, respectively, to the spectrum of a mercury arc. 
It was then incubated for 24 hours and a contact print was 
n ade through it on photographic paper. Each tiny circle 
is a print of a colony of B. coli. The illustration is of inter- 
est only in showing the spectral range of germicidal effec- 
tiveness of ultraviolet energy. Owing to the fact that the 
re diant energy strikes the seeded plate quite obliquely, the 
gaps in the mercury spectrum are not clearly defined 
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although there are evidences of some of them. Quantitative 4 
results of the germicidal effectiveness of ultraviolet eneroylil 
of various wavelengths can be obtained by this Means if { 
proper care 1s taken. , q 
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Fic. 39. Showing the germicidal effect of the spectrum of a mercury-. 1 
1 


arc focused upon an agar plate seeded with B. coli. A contact photo- 
graphic print was made after the plate was incubated 24 hours, - 


THERAPEUTIC EFFECTIVENESS 


Quartz mercury arcs have been used quite extensively — 


iM 
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for therapeutic purposes for many years. These emit ultra- 
violet energy of various wavelengths including those in the 
spectral region of maximal germicidal effectiveness. With 
the advent of the germicidal lamp emitting considerable 
energy in the region of A2537, the question arises as to the 
possible therapeutic value of this germicidal energy. Obvi- 
ously some answers to this question could have been ob- 
tained long ago by ascertaining the results obtained with a 
quartz mercury arc with and without a filter which would 
absorb the ultraviolet energy shorter than A2800. 
Although erythemal effectiveness of ultraviolet energy 
is In no direct sense a measure of the antirachitic or other 
therapeutic effectiveness, it provides a starting point for 
discussion. The erythemal effectiveness of ultraviolet en- 


W) 
a 


] of various wavelengths is illustrated in Fig. 30. 
© ording to the work of the author and his colleagues, 
4 erythemal effectiveness of N2537 Is about 80 percent 
Behe maximal erythemal effectiveness which is at A2967. 
s curve that was standardized about a decade ago shows 
Jower value for this secondary maximum. However, con- 
= ed work along this line leads the author to the conclu- 
| that this standardized value is too small. However, it is 
a known that the erythemal effect due to 42537 is rela- 
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ively superficial and evanescent and, therefore, the ery- 
hemal effectiveness depends considerably upon the time 
Japsed after exposure before the appraisal 1s made. 

' The transmission-factor of the skin is very low for 
Hitraviolet energy in the region of N2537. This is illustrated 
in Table IX. If, for example, the antirachitic effect of ultra- 
violet energy is due to the irradiation of ergosterol in the 
fatty substance underlying the outer coating of the skin, 


i 
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‘appreciable energy must reach its goal in order for it to be 
Defective. The skin over various parts of the human body 
) yaries widely in its physical characteristics. ‘This is also true 
bf animals. Furthermore, it is known that only relatively 
restricted areas of a living body need to be irradiated in 
order to prevent and to cure rickets. In addition to this 
Gerstenberger ”* found that very low intensities of energy 
between 2800 and 43200 cured rickets in partially clothed 
babies. Therefore, there is encouragement in the hope, and 
even belief, that germicidal lamps which emit ultraviolet 
energy largely in the region of 42537 may have sufficient 
antirachitic effectiveness to be useful. 

Actual clinical evidence is becoming available which 
appears to indicate that germicidal lamps have possibilities 
in preventing and curing rickets and, by extension, in other 
branches of therapeutics. Bunker “ determined the effec- 
tiveness of ultraviolet energy of various wavelengths in 
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producing equal healing of rachitic rats. He found 
energy of 42537 was 54 percent as effective as energ 
42967. Considering the high efficiency of germicidal Jam k 
in producing energy in the region of 42537, one may hel | 
led to expect that these lamps could be as effective al 
socalled sunlamps of much higher wattage which purp osely. 
are restricted to energy longer than \2800. . a 
In addition to the foregoing there is some evidence 
that, in the use of germicidal lamps for killing bacteria in 
poultry houses, chicks have more vitality and their bone. 
ash and comb development are normal compared With 
chicks which are not exposed to the energy from germicida] q 
lamps. _ 
With these qualifications it is interesting to note that | 
a 30-watt General Electric germicidal lamp emits 400,009 _ 
E-vitons compared with 68,000 E-vitons emitted by the { 
S-1 sunlamp, 50,000 by the S-4 sunlamp, and 25,000 by , | 
the RS sunlamp. The erythemal efficiency, as measured by : 
the E-vitons produced per watt, is many times greater for ’ 
germicidal lamps than for the foregoing sunlamps. } 
In addition to the foregoing there are other possible — 
therapeutic uses for germicidal lamps. Those interested in 
superficial skin affections will do well to investigate these — 
new highly efficient sources of energy in the middle ultra- 
violet region. Of course, if they are used to irradiate the 
body directly, goggles should be worn to protect the eyes, — 
Ordinary clear glass should provide adequate protection. 7 
In using them one should not overlook other destructive — 
effects such as fading and the killing of plants. 
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Fungi and fungi spores sprayed on nutrient in 
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Most organisms were killed in 4 minutes but some survived after 4 times t 
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Chapter VI 


pisinfecting Controlled Air 


J or A half century it has been known with certainty that 
aitraviolet energy kills bacteria, or at least renders them 
7 capable of reproduction. For eons before this became 
Znown, sunlight has kept the population of micro-organ- 
igs. outdoors within reasonable bounds. This is accom- 
plished by sunlight and skylight which are relatively weak 
| F germicidal flux compared with that provided by certain 
grtificial sources. Indoors the germicidal effectiveness of 
“daylight and of artificial hight is so relatively insignificant 
‘gs to be generally negligible. The indoor air is relatively 
confined, especially during the cold months, and it is con- 
jaminated with germs from human beings. One person 
‘preathes air which has been breathed by another person or 
) by many persons. This communal air is further contami- 
) nated by talking, coughing and sneezing. Thus we breathe 
» air containing germs and viruses. 

' It is known that infectious agents enter the body by 
“way of the respiratory tract. We are more or less educated 
to avoid infection by being careful about eating contami- 
“nated food and drinking infected water. We may be care- 
) ful of our actual contact with other human beings. We may 
‘wash our hands for the same reason. However, human 
beings breathe the communal air exhaled by others and 
‘they catch colds, get the measles, acquire tuberculosis, and 
‘suffer other infections through the process of breathing 
“infected air. Sanitary engineering, bacteriology and hygiene 
“have made great contributions to health and human welfare. 
' They have pursued a variety of avenues and have developed 


“into many special fields of application. But indoor air has 
: 137 


diation all dishes would have appeared similar to the upper left-hand one. 
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been generally neglected as a source of infection excepp_ 


generally neglected a ion excepting 
by diluting it with fresh air, generally to a limitéd ¢ ; 


and water have been widely recognized to be. 


With the advent of efficient and effective sources off 


germicidal energy, a great impetus has been given to th 
disinfection of air not only for the prevention of illness } 


installations. 

Air in interiors is controlled in complete air-condition- 
ing installations. In other interiors it is partially controlled, 
In many cases it circulates in a given interior more or less 
accidentally. If adequate window areas were open to the 
outside air at all times, the need for disinfecting the indoor 
air would be greatly reduced. If interiors had adequate 
controlled ventilation and provided adequate make-up air 
from outdoors, the opportunities for the use of germicidal 
lamps would be greatly reduced. However, such condi- 
tions are relatively rare excepting during the summer 
months. 

There are many special cases where it is desirable to 
kill all micro-organisms in the air, or at least to reduce their 
number to a desirable minimum. In these cases there may 


ne. apes xtent 
in our interiors. he air *’ 1s a vehicle by which infections 
organisms gain entrance to the human body just as milk 
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ut 
for many other purposes. However, it is necessary to ascer__ 
tain the laws and methods pertaining to their use. Con. 
trolled laboratory investigations provide the basis for the © 
technology of use. Investigations in the field must have g | 
sound basis for planning them. They contribute to the 
total knowledge largely by confirming in practice the find. © 
ings of the laboratory. This is generally true of nearly al] q 
practices that involve the efficiency, health and welfare of q 
human beings as well as many other practices. Eventually ' 


the foundation of knowledge is available for practical q 
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yeast cells and resistant fungi. Apparently some of these 
4 many times more difficult to lall than pathogenic or- 
snisms: Almost universally in occupied interiors it 1s 
_grable to kill pathogenic germs and viruses. These vary 
«what in their resistivity to germicidal radiant energy 
ore generally much more readily killed than yeast cells. 
Soli are fairly representative of these pathogenic organ- 
Ls and, therefore, are commonly used in basic investiga- 
‘ons. It is only necessary to determine the relative resistivity 
of any other organism in order to apply the data obtained 
sith B. coli to the other organism. Unless otherwise stated, 


she present discussions apply to B. colt. 


DISINFECTING CONTROLLED AIR 
] The first of a series of laboratory investigations of the 


| -ffectiveness of germicidal lamps in disinfecting controlled 
“i d by Luckiesh and Holladay ** with the 
air was prosecuted by Lu : y 

apparatus illustrated in Fig. 40. This apparatus was about 
45 feet long and was made with steel framework and 
‘covered with sheet steel. It was carefully designed to pro- 
“yide, by means of the blower, a wide range of air velocities 
through the cylindrical duct. A variety of screens at the 
inlet to the duct and a set of baffles near its outlet were 
perfected to insure uniform horizontal flow of air through 
the duct. A 30-watt, 115-volt, 36-inch General Electric 
germicidal lamp was installed in the axis of the cylindrical 
duct whose diameter was two feet. The inner surface of 
the duct could be lined or painted with material having 
‘various reflection-factors for the germicidal energy of 
‘2537. The air could be humidified by a fine mist of water- 
vapor produced by an atomizer. The humidity and tem- 
‘perature could be determined at all times by appropriate 
‘devices. B. coli could be injected into the air by the 
vaporizer. 
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Samples of air were taken before and after 
through the irradiated duct by the two aeroscopes 
as shown. Each aeroscope consisted of a standar 
dish, a 60-degree glass funnel inverted over the dis 
suitable cylindrical container containing an inlet an 
for the air to be sampled. When air is drawn thro 
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Fic. 40. Illustrating major details of apparatus for fundamental re. } 
searches of the lethal effect of germicidal energy on air-borne B. coli _ 


under controlled conditions of air-flow, humidity, temperature and ex- { 
posure. 


aeroscope at about one cubic foot per minute, its momen- — 
tum causes the bacteria in the air to be fairly uniformly 7 
deposited over the surface of the culture medium in the 
petri dish. (See Fig. 49.) 

The Walton atomizer under working conditions atom- 
izes from 1.5 to 2 cc. of water per minute, depending upon 
the elevation of the liquid in its receptacle. This atomizer 
was found more constant than others used in preliminary 
investigations. This water was infected with B. coli culti- 
vated from some obtained from W. F. Wells. The bacteria 
for infecting the air in the duct were grown in Bacto 
Nutrient Broth for about 24 hours at a temperature of 
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7 germicidal lamps varies somewhat initially, decreases dur- 
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7,5° C. 


qyvance 


A number of culture plates were prepared in 
of each run by coating the flat bottoms of petri 
h standard preparations of Levine’s Losin Methy- 
*. Blue Agar. After these plates were seeded with bac- 
a he samples of air drawn from the duct, the 


were incubated for periods of about 24 hours at 
S ‘ 


:um survived the irradiation was its ability to develop 
hen seeded on a suitable medium and incubated 
- an optimum temperature. As the air left the blower and 
a reached the portion of the duct containing the 
S icidal lamp, it was infected with B. coli by means of 


acter 
‘colony W 


the atomizer. After being uniformly mixed, a sample total- 
a five cubic feet was withdrawn at the rate of approxi- 


mately 


one cubic foot per minute through one aeroscope 
here an adequate proportion of the bacteria was precip!- 


‘tated on the culture medium in the petri dish. After the air 
Shad been irradiated during its passage through the pais 
" similar sample was withdrawn from the other end of the 
“duct. These two samples were taken simultaneously. The 
| ‘cultures were then incubated for 24 hours and the numbers 
‘of colonies in the dishes were counted and compared. At 
“first much difficulty was experienced in obtaining repre- 
“sentative samples. Much of this difficulty was eventually 
overcome by the use of the Walton atomizer, cheesecloth 
7 filters, screens, and attention to other details. Although this 
method of air-sampling was satisfactory for obtaining rela- 
“tive survival-ratios, before and after irradiation of the air, 
"since that time the author and his colleagues, L. I. Boy 
and A. H. Taylor, have developed more precise methods.* 
: These are discussed in Chapter VII. 


Inasmuch as the total germicidal flux emitted by these 
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ing their life, and also is affected by accumulated d 
results discussed herewith apply to a 30 
Electric germicidal lamp emitting a total of 
region of 42537. After a long series of tests 
the apparatus illustrated in F ig. 40, involving thousands of a 
cultures made from as many air samples, it became Possible ; 
to compute the results which would be obtained j 4 
of various sizes and with various velocities of air. In all cases | 
the results apply to 30-watt germicidal lamps, each emig._ 
ting 11 watts of germicidal flux. As in all designing, an — 
adequate factor of safety should be provided for deprecig.. 
tion. Its magnitude depends upon various conditions as wel] 
as upon the kind of organisms involved and the degree of 


USt, the | 
-watt Genera] 
Il watts in the 


was made with - 
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Nn ducts 7 


disinfection desired. 


REFLECTION-FACTOR OF DUCT LINING 


Inasmuch as considerable depths of air do not appre- { 
ciably absorb radiant energy of 42537, it is advantageous _ 
to use ducts as large in cross-section as is practicable. In 
the initial investigation, a cylindrical duct two feet in diam_ q 
eter was used. The inner lining of this duct was painted 1 
with an aluminum paint having a reflection-factor for _ 


energy at 42537 of about 70 percent. This lining could be 7 


covered when desired with a removable one of dul] black 
paper which reflected practically none of the germicidal 
energy. Many measurements indicated that the aluminum 


4 


paint increased the intensity of germicidal energy, as meas- | 
ured at the inner surface of the duct, by an average of 


70 percent. 


The results obtained with the black and aluminum 
linings are presented in Fig. 41 where the intensities of 
germicidal energy are plotted as measured at various places 
along the inner lining of the duct parallel to the 36-inch 
germicidal lamp located in the axis of the duct. The inten- 
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4 ici S per 
es of germicidal energy are measured in microwatt Ps 
a m. They can be transformed into milliwatts per sq. It. 
sq. ¢ ultiplying them by 0.929. ‘There is some advantage in 
4 Ee cing fundamental data in the metric system of units. 


NTENSITY OF LETHAL FLUX ON INNER SURFACE OF 24INCH ODUCT 
TH 30-WATT GERMICIDAL LAMP ALONG AXIS OF OUCT 
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» fc. 41. Showing the intensities of germicidal energy along the iner 
> lining of the experimental duct 2 feet in diameter measured along a 36- 
‘inch strip, equivalent to the length of the germicidal source. The effect 
of a high reflection-factor of the lining is obvious. 
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This need not be confusing inasmuch as the two units are 
practically equal numerically. When intensities of germi- 
‘cidal energy are presented in milliwatts per sq. ft., they can 
be transformed into microwatts per sq. cm. by multiplying 
' them by 1.076. The average intensity of germicidal flux 
‘one foot from the germicidal lamp along the length of 36 
‘inches was 389 microwatts per sq. cm. when the duct was 


lined with dull black paper. When painted with the alumi- 


5 
fi 
{ 
. 1 
) 


i 
j 


ic: 
B:. 


144 Disintecting Controlleg 


num paint the average intensity was 660 microwat 


ts pew 
sq. cm. Per 


In Fig. 42 are presented some of the dat 
killing B. coli in air as it passed through the 


SURVIVING AFTER PASSING LAMP 
‘ RELATIVE HUMIDITY LESS THAN 50 PERCENT 
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Fic. 42. The survival-ratio of air-borne B. coli decreases as the velocity 
of air through a 2-foot duct decreases. The influence of the reflection- 
factor of the inner walls of the duct is also shown. 


drical duct at different velocities. By multiplying the 
volume of a 3-foot length of duct by the rate at which the 
air moved, the rate of disinfection of air in cubic feet per 
minute was determined for one 30-watt, 36-inch germicidal 
lamp located axially. By sampling the air simultaneously at 
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and the outlet of the 24-inch duct, the survival- 
coli for the various conditions were determined. 
e, when the air passed through the duct - the 
©. of 614 cu. ft. per minute, the survival-ratio was about 
mee hen the lining was painted with aluminum paint and 
0.05 y - when this lining was covered with the dull black 
: rhe ercent killed in these two cases was 95 and 78, 
. ivel : For convenience the percentages killed, cor- 
BE ing to various survival-ratios, are indicated at the 
a : io, 42. oe 

: SE  scarage " an aluminum lining for air-ducts in 
i hich germicidal lamps are installed is Eopieiagr 
sc linings would have to be cleaned periodically. Obvi- 


ously the lamps should also be kept clean. 


i intake 
ratios of a 
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EFFECT OF SIZE OF DUCT 


From the basic data it was possible to compute 3 the 
‘results for ducts of various shapes and SIZeS for ser 
‘survival-ratios of B. coli. For more resistant es a 
" survival-ratios would be greater in any given a. u 
tmore germicidal energy were pcan As ‘ y pee 
phasized, no ates of safety is included in g 

| ted results. 

sg Be ouch as germicidal energy of 42537 is not appre- 
1 ciably absorbed by depths of air encountered 2 we 
‘the efficacy of each germicidal lamp in disin — : 
“jncreases with the size of the duct. This is substantiate 
Fig. 43 for four square ducts varying in aieginatient : . 
‘length. For example, the duct 4 feet seus fe yp 
“to be 10 feet long and to contain two germicida yaa ; 
end to end, along about 6 feet of the central portion ot the 
“axis. The duct 16 feet square was assumed to be 40 
long and to contain 8 germicidal lamps, end to end, a phi 
about 24 feet of the central portion of the axis. The data 
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strikingly illustrate the effect of the size of the duc 
the volume of air disinfected per germicidal 
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D for germicidal energy, it is desirable to use aluminum 
keep it reasonably clean. However, if maintenance 


ficult or impracticable, the inner surfaces of the 
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survival-ratio of 0.01, which means 99 percent killeq 4 Bd ne i ! ; | 
rendered incapable of reproduction, is used as a basis fon . need not be considered in designing such installations. | 
computations. As the cross-section increases from } fed ‘ a0 any case the germicidal lamps should be given attention. | 


square to 16 feet square, the volume of air disinfec 


ted to ' The data presented in Fig. 45 show the greater 
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d ic. 44. Showing the effect of the reflection-factor of the inner walls i 
IG. ° ° ° I 
of an air-duct on the volume of air per mimute per 30-watt source in 1 | 


swhich 99 percent of the air-borne B. coli are killed. | 


H 


Fic. 43. The volume of air disinfected per minute per 30-watt germi- — 
cidal source rapidly increases as the size of the duct increases. ! 


this degree, per minute per germicidal lamp, increases from 7 
375 cu. ft. per minute to 2910 cu. ft. per minute. In these 7 
cases the ner linings of the duct were assumed to reflect 
none of the incident germicidal energy. 4 
The contribution to the efficiency of disinfecting air ~ 
by reflection of germicidal energy by the inner surfaces of 
the air-duct increases rapidly for the higher reflection- 
_ factors. This is illustrated in Fig. 44 for a survival-ratio of — 
0.01 or 99 percent killed. It also illustrates that the increase — 
is not appreciable if the reflection-factor of the inner sur- 
faces is allowed to depreciate to values less than 30 percent. 
Inasmuch as aluminum surfaces have a high reflection- 


a efficiency of the larger duct for a considerable range of 

survival-ratios of B. coli and percentages kalled. They also 
show the great increase in volume of air disinfected per 
lamp if one is satisfied with lower percentages of organisms 
killed or rendered impotent. For example, for a survival- 
ratio of 0.1 or 90 percent killed, the volumes of air disin- 
fected per germicidal lamp are 1600 and 6400 cu. fe, DCE 
‘minute for the smaller and larger ducts, respectively. In 
| ‘other words, at this survival-ratio the larger duct is 4 times 
“as efficient as the smaller one. This great difference in 
efficiency continues to hold approximately for smaller 
‘survival-ratios or larger percentages of kill. For a survival- 
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ratio of 0.01, or 99 percent killed, the volumes 
infected per germicidal lamp are 725 and 2910 
minute for the smaller and larger ducts, 


Fig. 43.) 
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CUBIC FEET OF AIR DISINFECTED PER MINUTE PER LAMP 


Fig. 45. Ilustrating the advantage of air-ducts of large cross-section 
for disinfecting air with germicidal sources. 


__ If it is necessary to disinfect larger volumes of air per 
minute, more germicidal lamps can be installed in a given 
duct. For example, instead of placing one row of 8 lamps 
end to end, as in the largest duct illustrated in F ig. 43, four 
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FE cows could be used parallel to the axis. [his would 
- Bie in installing 32 germicidal lamps instead of 8 in the 
16 feet square. The result would be that about 8 times 
4 ch air could be disinfected in a given time in the same 
a This means that the velocity of the air could be in- 


eased to 8 times that when there were only one-eighth 
cre 


¢ many germicidal lamps in the duct. In fact, under these 
conditions of higher velocity of air, computations indicate 
i sat the volume of air disinfected to a given survival-ratio 
“ould be somewhat greater per germicidal lamp. As shown 
elsewhere,** with 8 instead of 2 germicidal lamps in the 
duct 4 feet square, and 32 instead of 8 germicidal lamps in 
the duct 16 feet square, the volumes of air for a 99-percent 


killing of B. coli would be about 6600 and 100,000 cu. ft. 


‘ner minute with walls having a negligible reflection-factor. 


There appears to be little difference between ducts of 


‘circular and square cross-sections of the same area. The 
jmportant factor is the depth of air traversed by the ger- 
‘micidal energy emitted by the lamp before it suffers appre- 
‘ciable or total absorption at the inner walls of the duct. 
Placing the lamps crosswise in the duct does not appear to 
) achieve results greatly different than when they are in- 
© stalled axially. In large ducts of considerable length this 
“might be done for some practical reason. However, It 1s 
possible that the germicidal lamps might gather more dust 
when located transversely than when they are located along 
or near the axis. Furthermore, when placed axially in ducts, 
" sufficiently large for a person to enter, they should be less 
" obstructive of the passage and could more readily be 
kept clean. 


In Fig. 46 a duct of rectangular cross-section is con- 


j sidered. The height of the duct is 2 feet and the germicidal 


lamps are located axially end to end. The width D of the 
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duct is considered in the range from 2 feet to 6 fee 


ever, the restriction of the height of the duct to 
reduces the efficiency of the duct regardless of its 
Figs. 43 and 44 emphasize the desirability of increas} 
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CUBIC FEET OF AIR DISINFECTED PER MINUTE PER LAM 


Fic. 46. Increasing one dimension of a rectangular duct increases the 


efficiency of disinfection but not as strikingly as increasing both dimen- _ 


sions of the cross-section. 


dimensions of the cross-section of the duct as much as is 
practicable. Fig. 46 also emphasizes how much greater a 
volume of air can be treated if one is satisfied with higher 
survival-ratios or lower percentages killed. For example, 
for a 90-percent kill about 5 times as much air can be 
treated per germicidal lamp as for a 99-percent kill. 

It should be obvious that baffles should not be used in 
air-ducts in which air is being disinfected by germicidal 
energy. [hey are bound to intercept some of this energy 
which thereby will suffer more or less absorption. 
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q Table XX is presented a summary of volumes of air 
Kernfected per germicidal lamp for ducts of various cross- 
_ nd lengths. It is emphasized that the total cubic 
is disinfected per minute in each case 1s obtained by 
Bi ying the volume per minute per germicidal lamp 
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TABLE XX 


4 ir Disi ted per Minute per 30-Watt, 36-Inch, General Elec- 
Cubic aa Be i Vals Percentages of Air-Borne B. Coli Killed or 
tric st, capable of Reproduction. These Values Were Computed for a 
Rendered | Be cicy of 35 Percent and for Walls of the Ducts Reflecting No 
Relativ® AE nercy: If the Reflection-Factor of the Walls Were 65 Percent, the 
P Be chames of Disinfected Air Would Be Increased 50 to 60 Percent 


a Duct 


a Number o Cubic Feet of Air per Minute 
Urpss Section Length i a per Lamp for Percentages Killed 
(feet) (feet) Lamps 90% 99% 99.9% 99.99% 
2 ft. diam. 5 eee Wo O40 os Ae 
"4 ft. diam. 10 2 145005685" " “420-4 * 305 
Mei diam. 20 4 2900 1360 850 615 
4 oe 2 5 1 805 375 DDB as oy LOD 
3x3 9 2 1990 y= 550, 945 0" 248 
4x4 10 2 1570) 55 ©9725 <°294707 "380 
8x 8 20 4 3020 4465) 55 915) 343660 
16 x 16 40 8 6200 2910 1835 1300 
2x3 5 1 9905425)" 260" 5... 185 
2x4 6 1 LOWS ST 45510527599 31200 
2x5 6 i O90, FAG Sirhan 285% 47205 
4x4 10 8 W750 % 2 8300". S35 - 211390 
Me i6xi6 8 8=— 40 32 6850" '*. 3250)" 2075 C525 


by the total number of germicidal lamps in the duct. The 
volumes of disinfected air per minute per germicidal lamp 
"are presented for four percentages killed of the total origi- 
~ nal air-borne B. coli. These percentages killed, 90, 99, 99.9 
and 99.99, correspond to survival-ratios of 0.1, 0.01, 0.001 
and 0.0001, respectively. The walls of the ducts were as- 
sumed to reflect none of the incident germicidal energy. 
Elsewhere *® the volumes of disinfected air are also com- 
puted for the same ducts assuming that the walls reflect 65 
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percent of the germicidal energy. This results in. volumes. 


of disinfected air from 50 to 60 percent greater than th 
presented in Table XX. 


The temperature of the air does not appear to affect 1 
the resistivity of micro-organisms for the range of tem, _ 
peratures commonly encountered in interiors and in yep, 9 


tilating systems. 


EFFECT OF HUMIDITY 


All the data presented in the foregoing discussions jp 1 
this chapter were experimentally determined, or computed _ 
from basic data, for an average relative humidity of 35 — 
percent. However, higher relative humidities increase the _ 
resistivity of the B. coli as indicated by the higher surviya]_ — 
ratios, and correspondingly the lower percentages killed, 7 
for a given exposure of the air-borne bacteria. At least the ~ 


survival-ratio for a given exposure to germicidal energy is 
definitely higher when the humidity is high than when it js 
low. As seen in a later chapter, the resistivity of B. coli in 
water is 5 to 10 times that in air. 

With the apparatus illustrated in Fig. 40 it was pos- 


sible to obtain a range of relative humidities from 20 per- 7 


cent to nearly 80 per cent. Later many tests were made in 
rooms or special chambers at relative humidities less than 
20 percent. All these data indicate that the resistivity of 
B. coli in air does not decrease very much as the relative 
humidity decreases below about 35 percent. In fact, the 
crucial point, if there is any, appears to be at a relative 
humidity in the neighborhood. of 50 percent. Notwith- 
standing many tests in which the humidity was measured, 
only general conclusions can be drawn. : 

Wells °° has stated that for humid air the exposure 
necessary to kill 63.2 percent of air-borne B. coli is about 
ten times as great as for dry air. Rentschler *° has stated, 
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atrary to findings of other investigators, that high hu- 
jdity of the air does not increase the resistivity of air- 
orne bacteria to ultraviolet energy. At least the prepon- 
Bnce of evidence obtained with B. coli indicates that 
fic resistivity 1s definitely higher at high than at low 
umidities. The conclusion of the author and his colleagues 
< that at a relative humidity of 75 percent the resistivity of 
porne B. coli is twice that for a relative humidity of 
i. ercent for a survival-ratio of 36.8 percent or for 63.2 
sercent killed. The significance of a survival-ratio of 36.8 
nercent is discussed in Chapter V. 


a fecting Controlled Air 


pTHAL EXPOSURES FOR B. COLI 


u 


Certain fundamental principles seem to be sufficiently 
‘yell established for practical application in the killing of 
micro-organisms with germicidal energy. 

The lethal effect of this energy apparently is not much 
of ected by temperatures ordinarily encountered in ven- 
tilating systems and in occupied interiors. | 

_ The reciprocity law which is encountered in many 
avenues of science and technology appears to hold for the 
ki ling of bacteria over a wide range of exposures. Spe- 
5j cally applied to this field, this law states that, for a given 
Vsurvival-ratio, the intensity of germicidal energy E multi- 
plied by the time of exposure ¢ is a constant. However, if 
the exposure is too prolonged, other factors such as growth 
of organisms or their natural dying rate may submerge the 
reciprocity law. Other details need not be discussed here. 
_ An exponential law seems to account for the results 
dbtained under practical conditions for any given type of 
micro-organism. This has been discussed in Chapter V 
along with various units and terms. This law is reproduced 
again at this point as 2 matter of convenience. (See 


Plate XIV.) 
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4 “sicrowatt-minutes per sq. cm. is a fair average value for 
4 Jethe or unit lethal exposure for air-borne B. coli when 
L. relative humidity is in the neighborhood of 35 percent. 
4 act, this value appears to be a practical one for a 
yjval-ratio of 0.368 for relative humidities less than 2 
+50 percent. From approximate data presented by Koller * 
nis unit lethal exposure for air-borne B. coli may be esti- 
ated to be in the range of 2.6 to 5.8. Wells has given 
eyeral values varying from less than one microwatt-minute 
ser sq. cm. for dry air to 10 for humid air. ee 
foregoing and the quantity of refined measurements whic 
He author and his colleagues converged upon this point, 
; microwatt-minutes per sq. cm. appears to be a fair value 
| A exposure Et for a 36.8-percent survival of air-borne B. 
bli for relative humidities less than 40 percent. Actually, 
“doors the humidity is commonly lower than this during 
winter months. Therefore, on the basis of the foregoing 
Jiscussion Table XX1 is presented as representing the results 
f various exposures Ez in killing B. coli in air whose 
-elative humidity is 40 percent or less. 
From Table XX1 it is seen that for a 90-percent kill of 
3, coli in relatively dry air the exposure should be 11.5 
Microwatt-minutes per sq. cm. according to the author and 
his colleagues. For very humid air their results indicate that 
the exposure should be at least doubled or about 25 micro- 
watt-minutes per sq. cm. For a kill of 99.99 percent in air 
of 35 percent humidity, the exposure indicated is nearly 
0 microwatt-minutes per sq. cm. 
 Hollaender ** has presented a table of data, gathered 
fom various sources, in which are listed the exposures to 
ergy of 22537 to inhibit growth of various micro- 
eanisms for 90 percent of the original population. The 
values of exposure varied from 8300 to 197,000 ergs per 
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where FP is the original concentration of bacteria, 
Po is the concentration after an exposure ‘Et, ‘ 
K is a constant whose value depends upon the micro-organism and, in q 
the case of air-borne bacteria, depends upon the humidity, a 
As previously stated, when the exponent e (abo | 
2.718) is minus unity the survival-ratio is 1/e or 0.368 and _ 
KEz equals unity. The exposure Et corresponding to 4 © 
survival of 36.8 percent of the original organisms has been ' 
termed a lethe by Wells.** Naturally, new terms are neces. _ 
sary as a new branch of science or technology is developed, 
but this term does not have much practical value. We have — 
used the term unit lethal exposure of the same value. _ 
Neither term is fixed quantitatively excepting for a given _ 
micro-organism in a given environment. In practice the 
exposure Ez can be expressed in energy measurements and 
time as microwatt-minutes per sq. cm. or milliwatt-minutes 
per sq. ft. Some use ergs per sq. cm. One erg per second 
equals 0.1 microwatt. One microwatt equals 600 ergs per 
minute. i 
A practical disadvantage of the lethe or units lethal 
exposure, as defined in the foregoing, is that it applies to a 
survival-ratio of 0.368 or a 63.2-percent kill. This is not an 
attractive practical goal. Unfortunately, complete disinfec- 
tion is not represented by the foregoing exponential law. 
Perhaps a survival-ratio of 1 percent or 99-percent kill 
would be a better level for comparison and discussion. For 
practical purposes 99.99 percent killed might be considered 
complete disinfection which would mean sterilization. 
However, the evolution of specific units and terms will 
lixely be guided by experience and the requirements of 
practice. 
From the many tests and measurements involved in 
the work of the author and his colleagues ** it appears that 
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sq. cm. for different organisms listed. These correspond ta q 
13.8 and 328 microwatt-minutes per sq. cm., respective], _ 
The value for B. coli is about 50 microwatt-minutes of | 
sq. cm. However, one must be cautious in interpreting such — 
data. For example, the work with B. coli did not involye — 


TABLE XXI 


Relating Exposure to Survival-Ratio and Percent Killed for B. Coli in Ai, at 1 


Ordinary Temperatures and at Relative Humidities Less Than 40 Percent 


Exposure, Et Survival 
Microwatt-Minutes Ratio Percentage 
per Sq. Cm. P/Po Killed 
0.5 0.90 10 
1.0 82 18 
20 .67 33 
ES) 50 50 

5.0 . 368 63,2 

8.0 20 80 
10.0 E139 86.5 
Pies al 90 
15,0 .05 95 
195 02 98 
23.0 Ol 99 
26.5 .005 99.5 
31.0 .002 99.8 
34.5 .001 992.9 
46.0 .0001 99.99 


exposure of air-borne bacteria. The organisms were exposed 
on agar surfaces and in one determination were in liquid 


suspension. The germicidal energy is easily absorbed by © 


various materials. Furthermore, as already indicated, B. coli 
suspended in water are 5 to 10 times as resistant as they are 
in air of various humidities. Therefore, in comparing data 
obtained by various workers, the details of their techniques 
should be carefully examined. In fact, it is questionable how 
far results of different investigators can be compared with 


certainty if they did not use the same conditions and 
techniques. 
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3 URALLY INFECTED AIR | 

7 There are many kinds of air-borne micro-organisms 
nich vary greatly in resistivity to germicidal energy. The 
ce and molds are generally far more difficult to kill than 
.- athogenic bacteria. In an industrial process it may be 
: s to kill all kinds of air-borne organisms. In such 
BE che dosages or exposures for various percentages killed 
ae be much greater than those indicated in Table XXI 
or air-borne B. coli. For example, it required about 10 
snes the exposure Ez to fall 90 percent of the naturally air 
Lorne organisms on petri dishes exposed in certain interiors 
hat it did to kill practically all B. coli exposed on petri 
4iches. Possibly some of the molds and yeasts are so pro- 
ected that the germicidal energy cannot penetrate suffi- 
ciently to kill them at all. The character of the organism 
and the degree of disinfection required in a given case are 
he determining factors in the design of a germicidal in- 
Mallation. (See Plates VI, VIII, IX, XV.) 

| Inthe case of pathogens with the possible exception of 
, few fungi it is a commonly accepted view that they do 
not vary greatly in their resistivity and that B. coli are fairly 
representative of these. Assume that the killing of these 
organisms follows an exponential law over appreciable 


y 


ranges as indicated in Figs. 36, 37 and in Table XX], and 
that germicidal energy is provided in accordance with the 
resistivity of B. coli and for exposures Et that kill 99.99 
percent of these organisms. Suppose that the average inten- 
sity of germicidal energy E is only one-fourth what it 
should be to kill 99.99 percent of another type of patho- 
genic organism X in the same time t. The percentage killed 
in the latter case will not be merely one-fourth, or 25 per- 
cent of the total of the X organisms. As seen in Table XXI, 
90 percent will be killed. This is commonly considered to 
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be good practice in some other fields of disinfection, How. 
ever, the wattage of germicidal sources required for killing 
99.99 percent of B. coli is so low that it should often 
be practicable to increase it many times, particularly jp 
industrial processes. 

As indicated in Chapter V, there 1s evidence that many | 
pathogenic bacteria have apparent resistivities to germicidal — 
energy in the range of one-half to twice that of B. colj 7 
Admittedly the evidence is open to criticism owing to the 
variety of techniques used by various investigators and to _ 
the inadequate measurements of the germicidal energy used, 
However, by utilizing reasonable factors of safety the data — 
obtained with B. coli provide a guide for design of germj- — 
cidal installations for killing a high percentage of most — 
pathogens. Recently we have obtained some evidence that 
certain pathogenic bacteria have a resistivity at least 10 
times that of B. coli. | 

Where it is necessary to kill all or most of the air-borne q 


a 
iy. 


organisms in connection with products and processes, much 
higher intensities E of germicidal energy than are indicated 
by B. coli are necessary for a given time t. However, ift @ 
can be increased E can be decreased. The dosage or expo- 7 
sure Et is the key to the solution. For example, in many _ 
cases of sterile storage, ¢ is so large that E can actually be 
relatively small even for highly resistant bacteria. This 1s 
also true of many industrial applications. Obviously all 
applications of germicidal energy must stand the test of 
results. (See Plate VIII.) 
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infected Communal Air 
| eae ys adequate evidence that the communal air in 
q occupied interiors is infected by the occupants. During the 
Myordinary processes of breathing, talking, sneezing and 
© coughing, micro-organisms are expelled from the respira- 
"tory tracts into the air—to be breathed again indiscriminately. 
"The occupants by their other activities stir up particles of 
{ dust upon which micro-organisms become air-borne. (See 
Plate VII.) For a half-century much progress has been 
) made in many ways in reducing the spread of diseases by 
~ decreasing the transmission of pathogenic organisms through 
" contact, contaminated water and infected foods. A wide- 
> spread awakening to the hazards of such sources of infec- 
” tion has been achieved. However, only during recent years 
) has there been a widespread awakening to the bacterial con- 
4 tamination of communal air. This does not mean that 
! q proper authorities have not recognized air-borne contagion. 
» For example, surgeons, physicians and nurses wear masks 
me for protection of themselves and patients. The important 
© fact is that until the advent of relatively efficient sources of 
j germicidal energy little could be done toward a widespread 
reduction of air-borne organisms. The availability of means 
often determines the magnitude of interest in desirable ends. 
> Germicidal energy is unique as a means of killing air-borne 
» bacteria. It not only disinfects the air but does not in itself 
" contaminate the air as is true of other kinds of disinfectants. 
7 With the recent advent of sources of ultraviolet energy 
= of relatively high germicidal efficiency, it was natural that 
" great interest was aroused in investigations in occupied 


interiors which aimed to determine to what extent the inci- 
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dence of respiratory diseases could be reduced by irradia _ 
ing the infected air. Although favorable results of such : 
investigations naturally provide a great stimulus to the use _ 
of sources of germicidal energy for this purpose, this is nop — 
necessarily the only approach to the problem. In fact, it ie q 
only necessary first to prove under laboratory conditions — 


that diseases contracted in, or by way of, the respiratory 


tract are prevented by killing air-borne organisms or are 


reduced by disinfecting the air to certain degrees. The sec- 
ond step consists of determining the types and concentra- 
tions of pathogenic organisms in communal air. The third 
step is to determine how to install sources of germicidal 
energy so as to disinfect the air continuously to any desired 
degree. 


The foregoing procedure is common to many other _ 


practices. For example, lighting practice is basically founded 
largely upon the results of laboratory researches or investi- 
gations in which conditions are adequately controlled. This 
is also true in many medical practices. Confirmatory field 
investigations are always of interest and value, but in such 
complex fields as medicine, hygiene and seeing, field inves- 


tigations can seldom be conducted with ideal controls, 7 


However, some extensive pioneering investigations have 
been under way during the past few years which reveal 
something of the efficacy of irradiating the air in occupied 
rooms with adequate installations of efficient sources of 
germicidal energy. A few glimpses of these are presented 
before dealing with the more direct and practical approach 
through determinations of the bacterial content of com- 
munal air. 


PIONEERING GERMICIDAL INSTALLATIONS 


It is beyond the present purpose to deal exhaustively 
with the effects upon health and hygiene of various success- 
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3 ted Communal Air 
1 challenges of the sun by means of artificial sources of 
Saiant energy: A thorough discussion of the ultimate 
ectiveness of germicidal energy upon the transmission of 
s forne contagion 1s a province of medical and health 
athorities. However, there are basic foundations and prin- 
a les of technology in which medical and health authori- 
4 are not particularly specialized. These are realms in 
“hich the author is particularly concerned. With this ex- 
1: nation a few glimpses of field investigations, conducted 
i. supervised by proper authorities, are presented. ; 
A symposium on aerobiology *’ deals with various 
gpects of air-borne micro-organisms and their effects. 
Ajthough many interesting data and discussions are pre- 
Peented, it is obvious that the science of aerobiology is just 

emerging into an elementary stage. The gaps in knowledge 
and experience and the need for criteria, devices and tech- 
niques are apparent. Likewise, the opportunities for the 
eriologist, physicist and engineer are obvious. 

_ W. F. Wells ** has pioneered for some time in studies 
sf the results of air-borne disinfection with germicidal 
or ergy with encouraging results. Wells, Wells and Wilder ™ 
have shown that epidemic spread of measles was checked 
in three irradiated primary schools during an unusually 


severe epidemic. They irradiated the upper stratum of air 
in the classrooms. They concluded that “since the dynamic 
spread of epidemic contagion can be controlled by radiant 
disinfection of the air, it follows that air must be a vehicle 
of infection.” | 

_ Robertson and colleagues ** conducted extensive inves- 
tigations in four cubicles, created by suitable partitions, in 
a hospital with such suitable controls as could be devised. 
They found that barriers of germicidal energy which 
screened the openings of the cubicles were effective in pre- 
venting the spread of air-borne bacteria from cubicle to 
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cubicle. In a later paper *° the results of air-borne infec 


of babies in the cubicles indicated that twice as many infec 


tions occurred among the babies in a control room as in { 


the room equipped with sources of germicidal ener 
Experiments involving the irradiation of the upper 


the doors and windows were left closed, the respirator 


infections were about half as many as in a similar room in 


which the upper air was not irradiated. 


Sauer, Minsk and Rosenstern ** have found that bap. _ 
riers of germicidal energy were as effective as actua] _ 


partitions in preventing cross infections of the respiratory 


tract in infants. Mundo and McKhann “’ have reported that 


barriers of germicidal energy appeared to reduce the infec- 


tions of infants by air-borne bacteria. In all these ex. ~ 
periments, the concentrations of air-borne bacteria were _ 


markedly reduced by germicidal energy. These uses of 
screens of germicidal energy are interesting and practicable 
in many cases. However, for a widespread application of 
germicidal energy to infected communal air, the irradiation 
of air in air-ducts, and particularly of air above the occu- 


pied zone in interiors, provides a practical solution to the 


problem of disinfecting air on an extensive scale. 

At the U.S. Naval Training Center, Camp Sampson, 
germicidal lamps were hung from the ceiling of dormito- 
ries. [hese irradiated the upper air. In addition, one source 
of germicidal energy was installed under every other bunk 
to irradiate the floor and the dust. Only sleeping quarters 
were irradiated. Drill quarters, mess halls and other places 
were not. However, results during the first year ** indicated 
a reduction of 25 percent in respiratory illnesses was 
achieved in those barracks equipped with germicidal lamps. 
The effect of the germicidal energy in reducing respiratory 
illnesses was more marked during the early winter months 
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3 a Communal Air 
4 the reduction was 35 percent compared with the 
; . +n the unirradiated control barracks. 
cic 49 has shown that rabbits acquired tuberculosis 
| preathing the air mixed with that exhaled by rabbits 
Ech were tubercular. When this air was irradiated with 
a jicidal energy before breathing by the healthy rabbits, 


“7 did not acquire tuberculosis. 
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q In these and in other investigations of the bacterial 
| communal air, micro-organisms pathogenic to 
he respiratory tract were found. There is no doubt that 
4¢ in occupied rooms 1s a means of transmission of diseases. 
Mor example, the types of organisms most commonly found 
by Mundo and McKhann a were staphylococcus aureus, 
taphylococcus albus, fungl, B. subtilis, B. coli, B. alcali- 
senes faecelis and occasional diphtheroids and micrococci. 
, Aemolytic streptococci were occasionally found and, at 
‘uch times, similar organisms were usually recovered from 
he nasopharynx of patients or personnel throughout the 
no spital where they conducted extensive Investigations. 
[hey sampled the air by means of the Wells device involv- 
ng centrifugal precipitation of bacteria onto a nutrient 
medium. According to duBuy, Hollaender and Lackey,” 
this device catches only a small percentage of the organisms 
4n the sample of air passed through it. However, notwith- 
standing this low efficiency in catching air-borne organisms, 
Mundo and McKhann found the bacterial counts per cubic 
foot of air were as follows for unirradiated air: Infants’ 
hospital, 18 to 25; Children’s medical ward, 35 to 50; 
Medical outpatient department, 60 to 70; Main operating 
room, 25 to 30. 

In the Infants’ hospital the installation of germicidal 
lamps reduced the bacterial count from 25 to 30 to 3 to 5 
per cubic foot. In all cases irradiation of the air by means 
Of germicidal energy markedly, and often greatly, reduced 


ontent of 
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the concentration of bacteria in the air. Mundo and Mc. q 
Khann made weekly bacterial samplings of the air in them 


Infants’ hospital in the areas in which germicidal Jam é 
were installed and also in the control areas. Fig. 47 has been 
adapted from their data beginning with December 8 when 
the germicidal lamps were put into use and continuing 
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Fic. 47. Relative bacterial content of air in irradiated and unirradiated 
wards of an Infants’ Hospital. (After Mundo and McKhann.) 


weekly until May 14, after which the windows and porches 
were opened. It is seen that irradiation of the communal 
air markedly reduced the bacterial count. Incidentally, 
nurses and other personnel wore masks only in the control 


rooms and not in the rooms irradiated with germicidal 
energy. 


BACTERIAL AIR-SAMPLING 


The recent advent of sources of germicidal energy of 
relatively high efficiency has greatly stimulated interest 
in air-borne micro-organisms. Naturally, a comparable 
increase in interest has been stimulated in devices and 
techniques for catching air-borne organisms in order to 
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s e their concentration in the air, the contamination 
- a d by occupants and other possible sources of in- 
‘ ae the degree of disinfection desired or achieved 
4 germicidal installation. In brief, a scientific foundation 
me yell as practical measuring devices must be provided 
t. this new technology if it is to be extensively applied. 
4 An inherent difficulty in determining the absolute 
4 mber of micro-organisms ina given volume of air is the 
; sibility of more than one clinging together. The separa- 
‘on of these clumps has been attempted by bubbling 
ough sterile water and by atomizing air or water in a 
sampler. From a practical viewpoint, for both laboratory 


ad field investigations, it is desirable to catch the organ- 


) 
Toad 


«ms on a suitable culture medium in a petri dish SO that 
hey are ready for incubation. In the bubbler devices a 
‘measured volume of air is bubbled through sterile distilled 
water. Lhen a certain percentage of this water is used to 
nfect a sterile nutrient or culture medium, A refinement 
xf this method designed to break up clumps of organisms 
nvolves atomizing the air with sterile water in a closed 
vessel and then bubbling this misty air through sterile 


water. However, these techniques are tedious and time- 
consuming compared with those which employ petri dishes 
; directly. In all cases the infected nutrient is incubated for 
1 given period and the now visible colonies are counted. 
The various colonies can be separated into additional cul- 
tures for the purpose of identifying the various types of 
micro-organisms. 

_ The nutrient upon which the organisms live and mul- 
iply during incubation is of great importance. An ideal 
Autrient is one upon which all naturally air-borne organ- 
sms will thrive. In practice this ideal can only be ap- 
proached as closely as possible. For sampling air in general, 
a nutrient used by the author and his colleagues is Tryp- 
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tose Blood Agar (Difco) and the incubation period Was q 
40 to 48 hours at 37° C. About 45 percent more colonies _ 
were countable after 40 to 48 hours of incubation than 7 
after only 24 hours. When B. coli were used for artificig) _ 


infection of air in the laboratory researches, the nutrient 
used was Levine’s Eosin Methylene Blue Agar (Difco), 
The incubation period was 24 hours at 37° C. 

Air-borne bacteria have been impinged directly on g 
culture medium by gravity, by a blast of air or by centrify- 
gal force. The socalled “open plate” method has been 
widely used. The heavier particles of dust or moisture to 
which organisms may be attached will settle upon a hori. 
zontal layer of nutrient. By using a petri dish containing 
a proper nutrient, this sample method is satisfactory if one 
is chiefly interested in the number of these heavier par- 


ticles. However, this method is too crude for accurate _ 


quantitative determinations of air-borne bacteria. Wells * 
has fairly well eliminated this selectivity in the rate of fall- 
ing of very small particles by applying centrifugal force, 
According to duBuy, Hollaender and Lackey,” the Wells 
air-centrifuge catches less than ten percent of the air-borne 
bacteria passing through it. In fact, this device appeared to 
catch only a few percent of the bacteria in a given volume 
of air compared with a bead-bubbler in which air is bubbled 
through water. It is possible that the latter method separates 
clumps of bacteria, but this question is still open and 
plagues those interested in quantitative values. 

The author and his colleagues *° found that with some 
of the bubbler devices a large percentage of the initial 
water was lost during the passage of several cubic feet of 
air. By increasing the height and volume of the air-space 
shown in the upper part of Fig. 48, the loss of water was 
reduced to a maximum of a few percent during the sam- 
pling of 5 or 10 cu. ft. of air. Therefore, the corrections 
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essary when mixing a small measured portion of the 
ited water with a culture medium in a petri dish were 
at and the eventual error was relatively small. The dis- 
ie cac es of making corrections and of transferring a 


easured portion of the infected 
ater are fairly obvious, partic- ey, 
arly when one contemplates (ea 
aking hundreds and even phot ei 
ads of tests in the laboratory. elle 
he disadvantages in field investi- 

ations are still greater. 

\ An atomizer-bubbler has 
Ben described by Moulton, Puck 
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Und Lemon ® in which the in- 4 d 
fected air is atomized with water A g 
gnd then this misty air is bubbled aN y 
ht ough water. One aim is to AN Sy 
eparate clumps of organisms by aN Y 
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atomizing the infected air and to 
jollect all, or at least a very 
urge percentage, of them by 
bubbling through water. ‘The in- 
senious device, self-contained in 
pne continuous glass enclosure 
consisting of various parts, has 
many applications in laboratory 
researches, but it lacks the sim- 
Dlicity desirable for extensive work and has the disadvan- 
fages already noted for field investigations. It was found 
by duBuy, Hollaender and Lackey *® that this device 
caught slightly more air-borne bacteria than the bubblers. 
It must be borne in mind that if the device must be steril- 
zed after each sampling of air, the time consumed and the 
Mconvenience are prohibitive for extensive use. 
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Fic. 48. A wash-bottle con- 
verted into a bubbler-type 
bacterial air-sampler. 
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One of the simplest types utilizing the principle of 


impinging the organism directly upon the nutrient jp 
petri dish has been described by Hollaender and Day 


about one cubic foot 


this device 1s 


Fic. 49. The so-called funnel aero- 
scope air-sampler, FA. 


humidity, electrostatic conditions and other factors. 


EFFECTS OF AN ELECTROSTATIC FIELD 
Luckiesh, Holladay and Taylor * redesigned the 


funnel device as illustrated in Fig. 50 and incorporated a 
DC high-voltage electrostatic field. The petri dish contain- 
ing the nutrient N rests upon a circular metal plate 
which is one electrode connected to the socket A. The 
funnel is made of metal in order to provide the other elec- 
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Valle. In Fig. 49 is illustrated a device of this type which | 


the author and his colleagues *° have used to some extent 
The air enters through a 60-degree glass funnel whose o A 7 
end is slightly smaller than 1 
the petri dish. The best rate _ 
of flow of air appears to be — 


er@ 
minute. DuBuy, Hollaenelll q 
and Lackey * found that” 
inefficient 
compared with bubbler and — 
atomizer-bubbler samplers, — 
The author and his col- 
leagues also found this fun- q 
nel aeroscope to be ineffi- — 
cient when sampling air artificially infected with B. coli, 
but found it caught a considerable percentage of naturally 7 
air-borne bacteria under certain conditions. In fact, it ap- 
pears that work with B. coli projected into the air by © 
means of an atomizer may be misleading. Furthermore, the 
catch of naturally air-borne bacteria may be affected by 
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j is connected by the arm C to socket B. With 
y infected with B. coli by means of an atom- 
eit was found that when the electrode under the petri 
‘h is positive, many more B. coli were caught from a 
ven volume of air than when the lower electrode is nega- 
fe. Apparently this method of 
fomizing resulted in air-borne 
“coli being predominantly as- 
sciated with a negative charge. 
“his differential effectiveness 
f positive and negative elec- 
‘odes in catching B. coli in air 
rtificially infected by means of 
Syn atomizer is discussed later. 
~ It has been common labora- 
tory practice to infect air in a 
room with relatively harmless 
coli by means of an atom- 
ger. An improvement over this 
yrocedure is to confine the arti- 
cially infected air to an infec- 
ion chamber such as is illus- 
trated in Fig. 51. Considerable experimenting was done 
vith the intake and exhaust in order to obtain and 
jaintain a reasonably constant concentration of B. coli. 
the height of the chamber is 54 inches and its horizontal 
Toss-section 36 inches by 26 inches. The organisms were 
qjected into the air by means of a Walton atomizer con- 
aiming a very dilute solution of Heart Infusion Broth 
infected with Escherichia or B. coli 24 hours old. A small 
OV -speed electric fan was located above the atomizer and 
elow the intake of uninfected air. The air was exhausted 
utdoors through a pipe with an opening near the bottom 


. artificiall 


col 


Fic. 50. A modified funnel 
air-sampler with provision for 
applying an electrostatic field. 
M and C are connected re- 
spectively to sockets A and 
B in which the terminals of 
a direct-current high-voltage 
source may be plugged. 
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of the chamber. To the outlets at the right various ait 


S. A 


4 


samplers could be connected in parallel or in serie 
precision gas-meter measured the volume of air pa 
through the. air-samplers at any rate desired. Two g 


OUTLETS TO 
AIR-SAMPLING 
DEVICES, ETC. 


CONTINUOUS 
AIR FLOW 


36 IN. 


Fie. 51. An infection chamber for artificially infecting the air with \ 


B. coli by means of an atomizer. 


cidal lamps G were installed as shown to disinfect the air 


and surfaces of the chamber when desired. By experiment- — 
ing with the ventilation and atomizer, the concentration of 7 


air-borne B. coli could be maintained reasonably constant 
for sufficient periods of time. 


In order to study the effect of an electrostatic field, a 1 


small tunnel with a rectangular cross-section was con- 
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: a of insulating plastic (Lucite) and attached to an 
© <.+e outlet from the infection chamber, Fig. 51. A 
pteP section of this device is illustrated in Fig. 52. This 
tica " tunnel was 10 inches long, 4 inches wide, and 
e... high. Metal electrodes, A and B, could be con- 
3 Feo a DC source of 0 to 8000 volts. Either electrode 
a be positive or negative as desired. Metal forms with 


B A rectangular tunnel of transparent plastic for studying the 
tact of an electrostatic field in bacterial air-sampling. A and B are 


‘etrodes between which a DC high voltage may be impressed. N is 
2 nutrient. 


tical sections such as C could be placed in the tunnel as 
b : n to constrict the vertical cross-section in various 
\ ays for the purpose of altering the velocity of the air as 
passed over the glass plate upon which the nutrient N 
d been flowed. The vertical gap between the upper and 
wer metal electrodes, A and B, could be varied and C 
| uld be removed if desired. 

Some typical results are illustrated in F ig. 53 of the 


borne B. coli caught when the gap between the elec- 
ddes was varied by means of C from 1 cm. at the left end 
Mtrance) to 0.5 cm. at the right end (exit). The lower 
ectrode B was positive and for the four plates from top 
bottom the voltages were 0, 500, 1000 and 2000 volts, 


spectively. The effectiveness of the electrostatic field is 


" 
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evident. When such nutrient-coated plates were being oa 

osed with other air-samplers connected in series a¢ hl 
exhaust end of this electrostatic tunnel, relatively few ait 
borne B. coli escaped being caught in the electrostatic | 


Bee. 


Fic. 53. Tustrating B. coli, in artificially infected air, caught on a cul- q 
ture medium resting on a positively charged plate, illustrated by B in © 


Fig. $2. Air-flow was from left to right. 


tunnel when the lower electrode was positive and had a 
potential of +2000 volts or more. Extensive studies were 
made of the effects and relationships of air-flow, air-speed, 
voltage, shape and spacing of electrodes. The results were 
of great value in developing the portable air-samplers 
described later in which still higher DC voltages are used. 

Various studies of the effects of an electrostatic field 
were made with metal and glass plates coated with a cul- 


icteria was always on the area of the nutrient under and 


cially infected chamber were caught than when it was 
geative. This finding was confirmed throughout various 
sts involving B. coli introduced into the air by atomiza- 
ion. However, when collecting air-borne bacteria naturally 
jected into the air by the occupants of a room, the catch 


stri dish rests on a negatively charged electrode. In other 
fords, for B. coli atomized into the infection chamber 
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a edium. The effects are strikingly demonstrated by 
ing , metal wire at different distances from a coated 
a The wire and the coated plate were connected to the 
a : als of a high-voltage rectifier. Voltages ranging from 


52090 volts were used. The maximum concentration of 
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4 54, Wiring diagrams for DC high-voltage rectifiers used in bac- 


4a] air-samplers of new designs. A range of 0 to 8000 volts is pro- 
led by A. Circuit B provides 7000 volts. 


walleling the wire. When the plate coated with a culture 
edium was positive, many more B. coli from the arti- 


commonly about the same as when the nutrient plate or 
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(Fig. 51), a great majority of the organisms apparently aa 
associated with a negative charge, a small minority appar 
ently are associated with a positive charge, and ; 
percentage appear to be ne 

i picion as to some peculiarity 


NLE of conditions in the infection 


METAL 


PETRI OISH CONE 


NSS SENOS ; 5) 
PLASTIC NZ ah “Sy chamber, but nothing of Gam 


sort could be found. Pregyp, 
ably the atomizing produced 
the condition responsib | 
the results. 3 ' 

The wiring diagrams for the 
production of various direct. _ 


D.C. HIGH VOLTAGE, - 


HIGH VOLTAGE 
RECTIFIER 
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Fic. 55. A vertical section 
of the Simplex Electrostatic 
Air-Sampler, SE. 


samplers described later, the wiring diagram illustrated in B 
of Fig. 54 is used. It supplies 0, +7000 or —7000 volts to 
one of the electrodes in the Simplex Electrostatic sampler 
(Fig. 55). In the Duplex sampler (Fig. 57) it supplies 0 or 
+7000 volts to one petri dish and 0 or —7000 volts to the 


ee smal] 
utral. ‘his evidence aroused sus. 
4 


le for | 


il ) 


current high voltages by the | 
rectifier are illustrated in Fig 
54, A DC high-voltage rectifier, | 
built according to the wiring 
diagram A supplies any poten-_ 
tial desired within the available © 

range. Two rectifier tubes des- J 


ignated as 2X2/879 were con- 7 
nected as shown. In using these © 
tubes there should be a high in- © 
sulation between the primary © 
and secondary windings of the transformer. A variable — 
auto-transformer is connected as indicated in order to vary — 
the delivered potential from 0 to 8000 volts. A resistor of — 
10 megohms is connected in series with each high-voltage — 
terminal to insure safety of the operator. In the electrostatic — 
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ach case the metal funnel is connected 
tential. 


EX ELECTROSTATIC AIR-SAMPLER, SE : 
4 entirely portable and self-contained electrostatic 
| a pler is illustrated in Fig. 55. The high-voltage recti- 
+. contained in the lower part as indicated. This com- 
¢ sampler is about 5 inches square and about a foot high 
| a eighs 12 pounds. To distinguish this from another 
del which contains two .air-samplers in parallel, it has 
5 termed a Simplex Electrostatic air-sampler or SE 
‘Jer. The forms and dimensions of the upper part con- 
dish are the result of extensive studies and 
drawn to scale. As illustrated by the vertical section in 
55, the upper portion is enclosed with thick clear 
Hic (Lucite) which has the desirable insulating proper- 
This plastic enclosure separates about in the middle to 
ert and remove the petri dish. When this separation takes 
¢e, the connection to the right is broken and the high 
tage is disconnected. Four narrow flat springs, similar to 
one illustrated at the upper left, press downward on the 
se of the petri dish, thereby holding it in place. A small 
wer, installed as shown, draws air in the inlet and dis- 
arges it again through the variable aperture A. By varying 
s area of the aperture A, various rates of air-flow are 
btained. The flow of air through an inlet in the center of 
3 plastic enclosure and squat metal cone is indicated by 
§ arrows. Symmetry in the flow of air is obtained by ~ 
reful design and construction. 
The effectiveness of the electrostatic field is illustrated 
Fig. 56. This is a typical series of air-samplings of many 
de of the air drawn from the infection chamber arti- 
lally infected by atomizing B. coli. In this case the 
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Funnel Aeroscope sampler FA, illustrated in F ig. 49 
the Simplex Electrostatic sampler SE, illustrated in Fig, a 
were connected in series. The petri dishes illustrated jy Ha 


first two columns were respectively exposed to the ni 


In the first two columns are the results obtained with an SE sampler — 
(Fig. 55) in series with, and following, a funnel aeroscope FA (Fig. 49). — 
In the last two columns the SE sampler was in series with and preceded — 
the FA sampler. The effect of the electrostatic field is evident. | 


ficially infected air passing first through the FA sampler, 
then through the SE sampler. From top to bottom the elec- — 
trostatic voltage applied to the electrode under the petri 


dish of the SE sampler was 0, +2000 and +4000 volts, re- i 
spectively. The petri dishes illustrated in the last two col- 


ummns were respectively exposed to air passing first through — 
the SE sampler then through the FA sampler. The concen- ~ 


Fic. 56. Colonies of B. coli on petri dishes after incubating 24 hours, q 7 
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a n of B. coli in the air-sample was not necessarily the 
4 Otherwise the conditions were the same as they were 
- petri dishes illustrated in the first two columns. 

The effectiveness of the electrostatic field is obvious 
m1 many results such as those illustrated. Many tests of 
be SE samplers indicate that a rate of air-flow of 0.5 
Fe. per minute, or even less, is most satisfactory. The 
% distance between the edge of the upper electrode 
‘eral funnel) and the nutrient in the petri dish appears to 
pout 3 mm., but there is little difference in the results 
this distance is doubled. However, when it-4s .10:mm., 
sre appears to be a definite decrease in the number of 
oanisms caught. Naturally, the effect of this distance 
faveen the metal funnel and the culture medium, which 
eye as the two high-voltage electrodes, depends upon 


ious other dimensions and also upon the rate of air-flow. 


" Naturally, the question arises as to the contamination 
Behe air-sampler carrying over from one air-sampling to 
e following one. After air containing bacteria is drawn 
rough the SE sampler, bacteria deposited on the upper 
ectrode might contaminate the air-samples passed through 


he sampler subsequently. In order to test this matter, a 
iven volume of air highly contaminated with B. coli was 


‘awn through an SE sampler at the usual rate. The petri 


ishes were removed and replaced by sterile ones with the 
sual coating of nutrient. Then completely sterile air was 
fawn through the sampler. ‘This was repeated many times. 
1 some cases the upper funnel electrode was cleaned with 
cohol before drawing through the sample of sterile air. 


other cases it was not cleaned. In no case did the number 


f colonies incubated on the petri dish exposed to the 
ample of sterile air exceed one thousandth of the number 
colonies resulting from the immediately preceding sam- 
ing of air highly contaminated with B. coli. Therefore, 
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by means of this air-sampler many petri dishes may bal : 
successively exposed without loss of time, and they 1 also 4 
ready for the incubator. | 4 


DUPLEX ELECTROSTATIC AIR-SAMPLER, DE 


As these investigations progressed, the efficacy of 
powerful electrostatic field appeared to be established, but 
it was also evident that most of the air-borne B. coli i injected 
into the infection chamber by the atomizer were associateq 
with a negative charge. Space does not permit discussing 
these aspects in detail.°* However, it became desirable tg 
construct a Duplex Electrostatic or DE air-sampler so that 
organisms associated with a positive charge could be caught 
on one petri dish while simultaneously those associated with 
a negative charge could be caught on another petri dish, 
Such a sampler is illustrated in Figs. 57 and 58. The. con- 
struction of each of two individual samplers is the same as 
illustrated in Fig. 55. A high-voltage rectifier, whose wiring 
diagram is illustrated in B Fig. 54, is enclosed in the lower 
part of the case. It supplies both individual units of the | 
DE sampler. The plate upon which one petri dish rests ig” 
connected to the positive terminal of the rectifier while the 
plate upon which the other petri dish rests is connected to 
the negative terminal of the rectifier. Therefore, when one 
petri dish is positive, the other is simultaneously negative, 
The available direct-current potentials are 0 and 7000 volts. ” 

The air enters through the hole % inch in diameter in’ 
the center of the plastic enclosure of each unit. One blower 7 
serves both samplers. Although the air passages are made 
identical in both cases, provision is made for adjusting the : 
air-flow through each, so that an equal volume of air is. 
drawn through each of the two units in a given time. After ‘ 
many tests, a rate of 0.5 cu. ft. per minute appeared to bel 
most desirable. Extensive tests showed that, as the rate of q 
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:, A vertical section of the Duplex Electrostatic Air-Sampler, DE. 
| OG 3 


. 58, External view of the Duplex Electrostatic Air-Sampler, DE, 
tich weighs 12 pounds and accommodates standard petri dishes. 
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air-flow was decreased from 0.9 to 0.3 cu. ft. per ming, 
the percentage of organisms caught was increased. A fa 
of air-flow of 0.5 cu. ft. per minute was standardized fo,” 
the SE sampler and also for each of the two units in thal 
DE sampler. This rate results in a fairly uniform distriby_ 
tion of organisms over the culture medium in the petri 


dishes. 


In general, the results obtained with the DE sampler 
indicate that the petri dish at —7000 volts catches about 
the same number of ordinary air-borne bacteria as the other 
petri dish which is connected to +7000 volts. When sam. © 
pling the artificially infected air (B. coli atomized into the 
air) from the infection chamber (Fig. 51), the negative 
petri dish caught only about one-fifth as many B. coli ag { 
the positive petri dish. As discussed later, the sum of the 
ordinary air-borne bacteria caught by the two petri dishes 1 
of the DE sampler apparently is a high percentage of all” 
the air-borne bacteria in a volume of air equivalent to that 
passing through either of the two units. Averages from | 
many tests indicate that the DE sampler catches more than 7 
90 percent of all the air-borne bacteria in a given sample of © 
air. However, the results vary considerably and this varia- 
tion may be due to variations in the physical aspects of the q 

air, such as humidity, which may in turn affect the electri- | 
cal characteristics of the air and consequently the electrical — 
charges with which the air-borne bacteria are associated, — 

At any rate, the Duplex Electrostatic air-sampler is 7 
efficient, portable and practicable for field work as well as — 


for laboratory investigations. 


RADIAL JET AIR-SAMPLER, RJ 


During investigations of older methods of air-sampling 
and developments of new devices, the principle of imping- — 
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5 by mechanical force has also been considered 


jmenting with this principle 7 
) ble range of ve- ‘ Ervasric wera 
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‘ . ihe el tic principle is an electrical i) 

te rious ways: ec cceronta ae Pp p | 

Bed of achieving this objective to a considerable de- i i) 
“The advantages of impingement are generally obvious, | 

rere may be disadvantages. [he correct answer lies in | | 


r 


- a considera 
Bes of the impinging alr. After 
arjes of experiments the Radial 
RJ sampler illustrated in Fig. 
gas developed. It involves a 
jonary radial slit through which 
Pe of infected air unpinges 
oss the space S on the nutrient ~ & 
of a petri dish. The petri dish = out (= Tt 
Tyevolved on a turn-table at a 
form rate of two revolutions 
+ minute by an electric-clock 
tor. phe wy gare sadia) Fic. 59. A vertical section 
‘varies from 0.16 mm. near fe ogee Radial Jer. Ais: 


Mer to 0.47 mm. at its outer Sampler, RJ. At the bot- 
 . 1 fie Aq d tom is a plan view of the 
tremity. Its ength 1S mm. an radial slit in relation to the 


‘total area is about 14 sq. Imm. gala petri ash A 
a ° ° tave ~ 
“The general principles of eee aa 


is device were arrived at with- 

it knowledge of the work of Bourdillon, Lidwell and 
fhomas,°* and the author and his colleagues * designed | 
nd tested the air-sampler illustrated in Fig. 59. In the lower ] 
art of the illustration is shown a portion of a plan view of | 
je stationary radial slit in relation to the revolving petri 
ish. The air-flow is illustrated by the arrows. Into this RJ 
f-sampler an electrostatic field is also incorporated. The 
arts made of conducting metal and of insulating plastic 
€ indicated by the two types of cross-hatching. The air 
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enters a metal enclosure whose only outlet is the radia} slid fe 

This metal enclosure is one electrode if an electrostatia 
field is desired. It is electrically connected to A, which with. 
B, are the connections for the high-voltage rectifier alreag.. 
described in B Fig. 54. The petri dish rests on the revolving 
metal platform which is electrically connected to B. The 
plastic (Lucite) parts are indicated by the broken lines og 
cross-hatching. In our latest model, three different speegy 
of revolution of the petri dish are provided to take care of 
| a greater range of concentrations of air-borne organisms, 
| The vacuum pump which draws air through the nar.” 
: row radial slit must have a capacity of 1.5 to 2 feet pep 
minute against a pressure drop of not more than 5 cm, of 
| mercury. At a rate of 1 cu. ft. per minute, the velocity of 
the air in the jet from the radial slit is about 7000 ft. per 
minute. At a rate of 0.5 cu. ft. per minute, the velocity. in” 
the air jet is about 3500 ft. per minute. Thus the infected” 
air impinges at a high velocity upon the culture medium N_ 
: in the revolving petri dish underneath the radial slit. Inci- 7 
| dentally, a small centrifugal blower, which is adequate for ' 
| the Simplex and Duplex electrostatic samplers illustrated in 
| Figs. 55 and 57, does not suffice for the Radial Jet sampler 1 
| illustrated in Fig. 59. A vacuum pump is necessary and q 
present designs add so much weight and bulk that portability © 
| is adversely affected. : 
| This RJ sampler was extensively tested at various rates 
of air-flow from 1.2 to 0.2 cu. ft. per minute and for various © 
distances S traversed by the air-jet before it reaches the | 
nutrient N in the petri dish. Owing to variations in the 
petri dishes a jet-length S of about 6 mm. was eventually — 
standardized. The apparent percentages of air-borne or- ~ 
ganisms and infected particles caught by this air-sampler 
are very high for the various velocities of the air-jet, when J 
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on which the petri dish rests is at +5000 volts. 
5 no electrostatic field, the apparent percent- 
ght decrease materially as the rate of ait-flow 
low 0.8 cu. ft. per minute. Obviously, for a 
“ant slit this results in decreased velocities of air in the 
‘ft dent that the length of the air-jet, or the 
in Fig. 59 between the radial slit and the culture 
ite important when there is no electrostatic 
a Apparently for this Radial Jet sampler the length S 
the air-jet should be as short as practicable and 3 to 6 
q appear to be satisfactory. The rate of air-flow was 
sntually standardized at 1 cu. ft. per minute. At this 
there appears to be no need for an electrostatic field 
hen sampling air naturally infected with air-borne bac- 
sa. Under these conditions and with the nutrient used, 
he RJ sampler apparently catches at least 98 percent of 


| By no means are all the micro-organisms in the air 
athogenic to man. Many of them are harmless in this 
spect, but many of these contaminate food and other 
roducts. Furthermore, many of them are much more 
ficult to kill with germicidal energy than B. coli which 
re widely used for experimental purposes. For example, 
he fungi and fungi spores sprayed upon the petri dishes 
justrated in Plate VI are much more resistant than B. coli. 
lost of these were killed in 4 minutes by an intensity of 
50) microwatts per sq. cm. of germicidal energy (42537). 
“his exposure is 600 microwatt-minutes per sq. cm. Prac- 
cally all B. coli would be killed by an exposure of 100 
licrowatt-minutes per sq. cm. As seen in Plate VI, some 
f these fungi and fungi spores resisted exposures of 16 
mnutes to 150 microwatts per sq. cm. or a total of 2400 


185 


184 Infected Communga] Aig ' | fod Communal Air 


xc te 
sampler. Each sampling of. 5)cu, ft.-of air required 10 


: ates. Open petri dishes were exposed for 30 minutes 
u 


microwatt-minutes per sq. cm. Experiments with map, 
petri dishes containing naturally air-borne bacteria collecteg 


in a cafeteria during high occupancy indicate that a dosage The maximum number of organisms deposited by 
10 times that which would kill practically all airborne 


. on the open petri dishes in 30 minutes was only 
B. coli killed only about 90 percent of the naturally air. q ty 
borne bacteria. In fact, it is quite possible that some fyno: ———— a 1 ee 
and fungi spores may resist very great exposures. Some, ee ue 
yeast cells appear to require exposures as great as 50 times 
that necessary to kill B. coli. (See Plate VI.) However, 
where adequate time is available, practicable intensities of 
germicidal energy will kill the bacteria that can be killed” 
by this means. Many applications outside the field of infec. 
tion of human beings must be studied individually as to the — 
types of bacteria present and their resistivity to germicidal - 
energy. Efficient air-samplers will play important roles j in 
such work, although the simple open-plate method mayy 
suffice in many cases. 
Progress toward the reduction of air-borne infection 
must depend upon accurate and efficient air-samplers. The 
concentration of bacteria in communal air 1s important as 
it is in milk and water. If the concentration is greatly re- 
duced by germicidal installations, the chances of infection — 
through air-borne micro-organisms are comparably reduced. — 
Therefore, bacterial air-sampling is of great fundamental _ 
and practical interest. 
The effect of occupancy on the concentration of 
bacteria in the communal air is illustrated in Fig. 60 in a 
cafeteria. Quantitative averages for several days are pre-~ q 
sented in Fig. 61. The air-borne bacteria arise from the dust — 
which is stirred up and from the respiratory passages of the { £ 
occupants. Only a few persons are present in this cafeteria q | 
before 11:30 a.m. and after 1:00 p.m. The peak of occu- : 
pancy corresponds with the peak of concentration of air- 
borne bacteria. These results were obtained with a DEM 


MIG. 60. Petri dishes ocd cee in an RJ sampler to 5 cu. ft. 
air in a cafeteria. The period of high occupancy extends from about 
1:30 A.M to 1:00 P.M. 


bout one-third that caught by the DE sampler in 10 min- 
tes. Even in this case of stirred up air and dust, the open 
dish was only one-sixth as effective as the DE sampler 
rhich, according to extensive tests, catches from 80 to 100 
ercent of the air-borne bacteria, depending upon condi- 
ons. If the occupancy remained high for several hours, 
i€ concentration of bacteria doubtless would continue to 
acrease beyond the indicated maximum in Fig. 61. 
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In Fig. 47 it is seen that the concentration of bacteria 


in a hospital, as determined by an apparently less efficiens 


method, commonly reached 20 organisms per cu. ft. WW 
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Fic. 61. Showing the variation in the concentration of air-borne organ- q 
isms in a cafeteria before, during and after the period of high occu- 
pancy. The number of organisms caught in 10 minutes with the DC 
sampler is compared with the number caught by open petri dishes in © 


30-minute periods. 


rapidly to 70 organisms per cu. ft. in less than an hour of : 
the period of high occupancy. In Plate VII typical series — 


of petri dishes (after 48-hour incubation) are illustrated as 


obtained with a Duplex Electrostatic sampler and a Radial ] | 


Jet sampler. The decrease in the concentration of air-borne 
micro-organisms after the period of high occupancy 1s 
evident as it is in Figs. 60 and 61. 
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Fig. 61 itis seen that the concentration of bacteria Increaseq 
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, Fig. 62 are illustrated two petri dishes exposed in a 
e air-sampler to 5 cu. ft. of air in a bedroom occupied by 
atjent with a severe throat infection. This single occu- 
4 of the room coughed and sneezed a great deal. It 1s 
a that the concentration of bacteria in this room of 


{ - le occupancy is comparable to those illustrated in Fig. 


© ad Plate VII obtained in larger interiors with many 
x pants in average health. The availability of efficient 
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62. Petri dishes exposed simultaneously in a DE air-sampler in the 
om of a patient with a severe throat infection. ‘The bacterial count 
ble with those in crowded interiors. 
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Brable air-samplers which use petri dishes so conveniently 
hould greatly extend the heretofore restricted and rela- 
vel crude practice of bacterial air-sampling. (See Plates 
Vil, VII, XIV, XV.) : 
_ Adult human beings at rest breathe about 18 times per 
minute. The volume of this tidal air is about 20 cu. in. for 
ach breath. Forced inspiration may increase this to 140 
u. in. However, the intake of air for persons sitting in 
chools, offices, theaters, etc., may be conservatively as- 
sumed to be at a rate of 15 cu. ft. per hour. If the concen- 
ration of naturally air-borne bacteria is 40 per cu. ft. of 
r, the intake into the respiratory tracts is 600 per hour or 
early 5000 in an 8-hour day. Many of them accumulate in 
le nose and throat and some of them and others are for- 
ibly expelled again. Many of these are harmless, but so it 
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ed Communal Air 
: a s. and an apparent relationship was noted between 
a 4 ‘of room and degree of occupancy. The largest 
4 of these organisms were found in occupied as- 
y a lls and classrooms. The streptococci were also 
ab l : ways, theaters and to some extent outdoors 
4 ‘.. streets. Although thousands of these organisms 
i caught by their air-sampler, an average of only 1 or 
a 10 cu. ft. of air was found in schools, theaters, etc. 
wever, their studies were confined to these specific or- 
E. ms and the air-sampler they used appears to catch only 
Fall percentage of the total. This illustrates the desir- 
sry of using highly efficient samplers so that results of 
Sous investigations may be compared quantitatively as 
I as qualitatively. . 
“Since this work was done, it has come to our notice 
that Berry ® has experimented with an electrostatic field in 
sampling devices by means of charged wires. We have 
9 had an opportunity, through private correspondence, 
become further acquainted with unpublished work of 
B. Bourdillon and his colleagues. 


a 


is in the case of milk or water where often the ob 
to kill 90 percent of the bacteria originally Present, Qe 
course, in the case of milk, much progress has been made _ 
in eliminating the source of pathogenic organisms by killing. 
cows. In occupied interiors this means is scarcely prac. : 
ticable for the occupants are the actual sources of Most of 
the infection. From studies of the resistivity of pathogenic 
organisms, it appears very generally practicable to greathy 
reduce the concentration of these by irradiating the ain 
with germicidal energy without subjecting the occupants _ 
to irritating or harmful dosages. . ’ 

The results of some extensive bacterial air-samplings ” 
in theaters during summer months are of interest. This is 
the period of best ventilation and of low incidence of § 
respiratory diseases. In one theater, with a large audience 1 
and a medium volume of air per person and considerable ] 
make-up air admitted from the outside, the concentration — 
of bacteria varied on different days from 25 to 40 organ. © 
isms per cu. ft. of air. In another theater, with a large 7 
audience and a relatively small volume of air per person — 
and with the air cooled and for the most part recirculated, — 
the concentration of bacteria varied on different days from © 
20 to 50 organisms per cu. ft. of air. In a large theater with 7 
a small audience, the concentration of bacteria averaged : 
10 organisms per cu. ft. of air. In a cafeteria, the maximum 
concentration of air-borne bacteria on different days varied 
from 44 to 88 per cu. ft. of air. In a poultry house the con- 
centration of air-borne organisms was found to be 2000 
to 4000 per cu. ft. of air. 

-Buchbinder, Solowey and Solotorovsky ** have made 
extensive studies of air-borne streptococci of the alpha 
hemolytic types. A large majority of these organisms ap- 
peared to be of nasopharyngeal origin. These were present 
most frequently and in greatest numbers in the air of school 
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THe past decade has witnessed a change in attitude toward _ wie é : 
fe ° e J ee QO. 
the bacterial content of the communal air in occupied - * BS 
e ° e 4 oO 
rooms. Bacteriology and its related sciences were in anil io BE 
early stage of development at the turn of the cent 4 4 a.8 
ury, 


Pasteur had been dead only five years. His great work | 
opened the door to scientific studies of bacterial disease gy 
and the origin of contagion. Therefore, it is not SUIPrising — 
that epidemiologists as late as 1910 had found little evidence 
to indicate that diseases were transmitted by air-borne _ 
pathogens. One stated, “It will be a great relief to mogt 
persons to be freed from the specter of infected air.” How. 
ever, more and more physicians, surgeons and nurses — 
adopted the use of masks over the mouth and nose as q 
preventive measure. The general attitude toward infected q 
air appears to have been dominated by the idea that: patho- q 
gens could not remain alive in the air very long, and, there- 7 
fore, there need be concern only for those expelled from — 
the nose and mouth in close proximity to another person, © 
Furthermore, these forcibly expelled organisms were as- | 
sumed to be attached to relatively heavy droplets which — 
quickly settled out of the air. In addition, drying was ; 
known to kill or attenuate nearly all pathogenic bacteria. — 
However, more detailed investigations with improved tech- 
niques have revealed a widespread existence of pathogenic 
organisms in the communal air of interiors. 

The ports of entrance of pathogenic organisms to the 
human body are known to be the nose and mouth, the 
digestive tract, the urino-genital tract and the skin and 


mucous membranes. Some of the pathogens which enter 
190 


Petri dishes were exposed for the same period of time to the naturally air-borne 


micro-organisms in a poultry house. Then the lower half of each was ex 
number of minutes indicated in each case, to intensities of germicidal flux 


| MIN. (40) 
indicated by the numbers in parentheses. The exposures varied from 40 to 1280 micro 
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a the nose and mouth are those causing diphtheria, 
‘eles, scarlet fever, mumps, influenza, neni our 
ysis, septic sore throat, whooping cough and cerebro- 
Be neningitis. Droplets expelled by the infector may be 
a nitted to the infectee by direct contact or by inhaling 
 aip_borne organisms. Pioneering germicidal installations, 
‘4 discussed in Chapter VI, already indicate that dis- 
Ss Bn of air by means of germicidal energy reduces the 
eidence of air-borne bacterial disease. Such evidence is 
ult to obtain but is mounting and is attracting the 
Potion of more and more bacteriologists, epidemiolo- 
sts, hygienists, sanitary engineers and various medical 
ithorities. 

At the present stage one cannot safely predict the 
ent to which germicidal installations will be applied to 
‘ecupied interiors. The most favorable factor, aside from 
“oof of the degree of efficacy in decreasing air-borne con- 
asion, is the high germicidal efficiency of the new sources 
f germicidal energy. Apparently the concentration of 
athogenic bacteria can be reduced to the vanishing point 
vith relatively low wattages. Therefore, operating cost iS 
jot likely to deter the use of germicidal energy for dis- 
infecting air. In industrial applications primary incentives 
vill be found in such realms as economics and better prod- 
ets. In occupied rooms, the impelling forces are present 
1 such activities as sanitation and preventive medicine. 
roof of economic value may be difficult to establish or to 
mpress upon the public. The community drinking cup 
asted a long time after it was condemned. The indictments 
f communal air are increasing and the disinfection of it is 
least, and perhaps inevitably, a refinement of living and 
working indoors. 

The design of germicidal installations for occupied * 
ind other interiors quickly becomes simplified, as other 
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practices do, after tedious fundamental researches ha 
vided the necessary foundation for the new technologail 
The amount of germicidal flux which must be introduce 
into a given volume of air to maintain a given low concen ill 
tration of bacteria rather quickly resolves into relati : 
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Fic. 63. Showing the effect of ceiling height upon the length of germi- 
cidal rays and upon the volume of irradiated air. Efficiency of such an 
installation increases with the ceiling-height and room-width. 


of germicidal milliwatts per sq. ft. of floor area or per 
cu. ft. of total air in ordinary occupied rooms. Naturally, 
if occupants are the sources of air-borne infection, there is 
also a relationship of germicidal milliwatts per occupant. 
If the upper stratum of air above the 7-foot level, below 
which is the occupied zone, is used as an irradiation cham- 
ber (Fig. 63) the height of the ceiling determines the type 
of reflector to be used. Of great importance, as seen in 
Figs. 43 and 45, is the increase in germicidal efficiency of 
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snstallation with the height of the Se ~ - aver- 
en eth of the germicidal rays” emitted by the germt- 
|. aipment. Also the circulation of infected air from 
- 7-foot level to the irradiated space above that 
1; at importance. 

al .. and oe factors provide extremely complex 
blems of bacterial investigations and mathematical 
a utations and correlations. However, before unraveling 
4 complexities for the purposes of understanding the 
; BF nentals and of simplifying the technology of prac- 
= it is well to glimpse some of the limiting factors. The 
n and eyes of the occupants must not be subjected to 
posures greater than certain low values. Energy in the 
“ehborhood of 2537 which destroys living organisms 
9 can destroy other living cells and tissues. ‘There is also 
s matter of killing or damaging plants and of undue 
fi g of materials, Ozone is produced by short-wave 
traviolet energy and its concentration in the air to be 
eathed by occupants must be kept within bounds. These 
e glimpses of by-products of germicidal sources which 
> only partially within the control of the manufacturer 
f germicidal sources and equipment. They can be con- 


rolled to some extent by the designer of germicidal 


stallations. 


Pai 


RYTHEMA AND CONJUNCTIVITIS 


4 Sufficient exposure Ez to germicidal energy near 42537 
roduces inflammation of the skin (erythema) and of the 


duter membrane of the eyes (conjunctivitis). According to 


Avestigations by the author and his colleagues, the erythe- 


mal effectiveness of 42537 is about 80 percent of the value 


ir 42967 as shown in Table X and Fig. 30. Other inves- 
Gators have obtained lower values. However, further 
work with the new germicidal sources appears to confirm 
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the higher value for the criterion of barely 
erythema as discussed in Chapter III. At any 
servative value of an exposure to 42537 which 
minimum perceptible erythema MPE on averag 
white skin is 400 microwatt-minutes per sq. cm. or approxi. 
mately 400 milliwatt-minutes per sq. ft. This va 
to average untanned skin that is commonly n 


MPE is produced by exposures as low as 80 microwg 
minutes per sq. cm. 


Certain maximum exposures have been tentatively 


in a room in which a germicidal installation irradiates the 


upper stratum of air. For persons exposed for 8 hours daily, | 
the intensity E of germicidal energy on the face and hands 


is tentatively limited to 0.5 microwatt per sq. cm. This — 
would result in an exposure Ez of 240 microwatt-minutes ~ 
per sq. cm. which is well under the exposure necessary to ; 
produce an MPE on average untanned exposed skin. In 
fact, a continuous exposure to this intensity for 24 hours 
should not produce an appreciable erythema. However, _ 
for persons who might be exposed for 24 hours, such as 4 
patients and new-born babies in hospitals, the maximum _ 
intensity has been tentatively established in the neighbor- ~ 
hood of 0.1 microwatt per sq. cm. The total exposure in | 
24 hours is 144 microwatt-minutes per sq. cm. If this 7 
intensity is doubled, the exposure would be 288 microwatt- ‘ 
minutes per sq. cm. which appears to be well within safe © 
limits for average untanned skin. Patients and babies can { 
easily be screened from much of the germicidal energy 9 
reflected from the ceiling. Ordinary glasses completely q 


absorb energy of 42537. 


It is emphasized that these limiting exposures for the 7 
eyes and skin are well within that which produces an MPE ~ 
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_.- untanned skin. No harm results from an MPE 
- ‘ld erythemas, and the skin adapts itself rather 
a eo Eat. There is some reason for believing 
- Pe activa of the eye has some degree of adap- 
pe ich increases its tolerance somewhat. In addition 
g a eyes are apparently somewhat more resistant 
E., mal energy than the skin. Sunburn is commonly 
q doors without noticeable conjunctivitis. 

2 he occupants of a room can be protected against 
. F fos appreciably ereater than the foregoing limits. 
) perly designed equipment can be so located as to con- 
a Fhe directed germicidal energy to the proper areas. 
li: gs and other reflecting surfaces can be painted with 
iehly absorbing medium. /As seen in a later chapter, Zinc 
‘de is outstanding among the white pigments in reflect- 
5 little energy in the neighborhood of A25 37. Its ab- 
fption-factor for this energy is comparable with black 
“ments. Experience and knowledge of the various tools 
d other aspects of this new technology will provide 
ety to occupants of a room while delivering lethal 


sages to the pathogens. 


i - 
\§ 


1 


4 


i 
i 


ai 


fi 
4 
ny 


a) 


jred out 


4] 
‘a 
if 


i 


j 
By | 
I 

0 
{i 


established for the protection of eyes and skin of occupants. 
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RODUCTION AND CONCENTRATION OF OZONE 


q If a low-pressure mercury arc, which is the basis of 
ficient sources of germicidal energy, were equipped with 
bes or bulbs of quartz instead of special glass, this source 
would emit appreciable energy shorter than 42000. As 
inted in Fig. 26, energy in this region and particularly at 
bout 1850, decomposes oxygen Oy, with the result that 
ozone O, is produced. This is what happens on a large scale 
_the upper regions of the atmosphere with the result, as 
hown in Fig. 10, that the solar spectrum ends rather ab- 
uptly near 42900. The ultraviolet energy of shorter wave- 
lengths emitted by the sun disappears in the production 
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and absorption of ozone in the high strata of the 
phere. Some of this ozone reaches the earth by 
tion of the atmosphere. The result is that the co 
of ozone in the atmosphere near the earth’s sur 
monly considered to be about 1 part by vo 
million. Elford and Van den Ende * found it to var 
0.5 to 4.5 parts in 100 million parts of air. Ozone 
tively unstable and is active in various ways whic 


low equilibrium concentrations in the atmosphere. 
Ozone has various properties, some of which ma 


eventually be desirable by-products of a germicidal instal- 
lation. At low concentrations it has a pleasant odor remj__ 
niscent of clover. To some extent it acts as a deodorant byl 
masking other odors by its own, by its action on the 
mucous membrane in the olfactory organ, and possibly by 
partly destroying the odors. It has been recommended ash : 
a deodorant where there are odors arising from putrefac. | 
tion and from such sources as onions and garlic. In high 
concentrations in the presence of moisture, it kills most 
disease germs.°® However, in connection with germicidal — 
installations it is important to limit the equilibrium concen- ] 
trations of ozone in air to those which can be breathed q 
continuously without irritation or other undesirable effects _ 


upon the occupants. 


Opinions differ as to the concentrations of ozone that 4 
are irritating and otherwise undesirable for breathing. j 
McGuigan ® states that prolonged inhalation of ozone in © 
concentrations of 200 to 300 parts per 100 million parts of ' 
air causes irritation of the mucous membranes of the re- 
spiratory tract and pulmonary endema. Thorp © in con- 7 
trasting the toxic properties of air containing pure ozone ~ 
with those of air containing a mixture of about equal parts — 
of ozone and nitrogen oxides found that pure ozone is non- _ 
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- im concentrations less than 2000 parts per 100 million | 
a The toxic limit for the mixture appeared to be about 
a in 100 million. This is of interest in connection 
nods which produce ozone accompanied by the 
s oxides. Perhaps some of the conflict among opin- 
i, to the desirable limit of concentration of ozone has 
‘en through this channel. | 
"Reisbeck ** found from experience with ozone in 
A ings and schools that concentrations as high as several 
-s per 100 million can be tolerated without ill effect. 
her investigators recommend much lower values. With- 
idge and Yaglou conclude that the safe upper limit of 
Bre concentration 1s 4 parts in 100 million for continuous 
eathing. Doubtless the differences in opinions arise from 
ferences in the criteria employed. Furthermore, anyone 
; ho has. attempted to measure the concentration of ozone 
“the air knows that the techniques are tedious and not 
76 ry accurate. ) 

" With the foregoing glimpses of results and conclu- 
i 5, it is interesting to note that an authoritative medical 
rganization recommends that the concentration of ozone 
air for continuous breathing should not exceed 10 parts 
3 2 100 million parts of air. This is about 10 times the 
Wyalue commonly accepted for the concentration of ozone 
in the atmosphere near the earth’s surface. It is from 2 to 20 
imes the values found by Elford and Van den Ende.® It is 
#f the order of the most conservative recommendations of 
ther investigators and, therefore, it appears to be a safe 
The objective in developing a special glass for use as 
Han envelope for the low-pressure mercury arc is to transmit 
maximal energy in the neighborhood of 42537 with min- 
mal energy of shorter wavelengths, particularly in the 
neighborhood of 1850 or shorter than 2000. As seen in 
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Fig. 29 and in a later chapter, the spectral transmissign a his period. Doubtless this decrease in the produc- 
: ° a 10. ts faa $ Se 
curves of various special glasses do not have an abrupe. . ozone is due to the rapid “solarization” of the glass 


short-wave cutoff. Therefore, the composition of th It that the transmission-factor for energy in 


° oo: elute : Glass ih the resu : . 
is a critical matter. This is also true of its thickness, For y Bevion of 41850 rapidly decreases during the first 100 
standardized composition, significant. variations in the pro ; a 5 of operation. Source E initially produced ozone at 


ducton of ozone, due to variations in the thickness of the am | sreat rate, but after a few hours its fai was about twice 
glass, are found among a group of germicidal sources of & average rate of the present standard source S. 
otherwise identical characteristics. The amount of Ozone : 4 TABLE XXII 

can be deliberately increased or decreased by controllin { q 

the thickness and composition of the special glass, Although - 
there are some uses and demands for some ozone, let us 1 


: f . 
re age Nome Beil Energy After the First 100 Hours of Operation 
po 


Watts Emitted Molecules of Ozone * 


assume that it is desirable to minimize its production by a Source . Glass reece ee ae sae 
germicidal installation. { oa aR aver 2 oa toi 
One of the author’s colleagues, L. L. Holladay, made _ a ee 974 thin 11.0 20.5 x 10% 


an extensive investigation of the production of ozone by q 
these new germicidal sources with various compositions | 
and thicknesses of glass. He also determined the resulting q 
concentrations of ozone when these lamps were operated a 
in the apparatus illustrated in Fig. 40 and also in closed — 
rooms with and without ventilation. Various 30-watt ger- — 
micidal sources, otherwise identical, were equipped with 1 
tubes of 972 and 974 glass of different thicknesses. For — 
brevity these are reduced to three representative sources, 
Source O had a tube of 972 glass of average thickness. 
This glass 1s now obsolete for germicidal sources. Source 
S had a tube of 974 glass of average thickness, which is ~ 
the standard glass in current use. Source E had a tube q 
of 974 glass with exceptionally thin walls. For easy refer- — 
ence the data pertaining to these three 30-watt sources of @ 
germicidal energy are assembled in Table XXII. Inasmuch — 

as the production of ozone by a given source decreases — 

considerably during the first 100 hours of operation, the | 
values are averages resulting from various measurements — 


: Ozone produced in a closed room is decomposed to 
bme extent by energy of 42537 and by surfaces to a slight 
stent. However, thermal decomposition and ventilation, 
: there is any, are the chief factors in limiting: its concen- 
ation in the air. In a small duct 2 feet in diameter and 
1 feet long with no ventilation, equilibrium concentrations 
s high as 50 parts per 100 million were obtained with the 
Standard source S. With the highly potent source E an 
q ilibrium concentration of 300 parts per 100 million was 
btained during the early hours of its operation. 

- Of more importance are the equilibrium concentra- 
Hons in a room of ordinary size. These were studied in a 
room approximately 12 ft. by 18 ft. having a ceiling height 
Of nearly 12 ft. and a volume of about 2500 cu. ft. It could 
be closed tightly and fresh air could be introduced and 
exhausted at known rates. Fans stirred the air so that the 
dzone produced by each of the three representative sources 
of Table XXII was thoroughly mixed and distributed. 


Without ventilation the highest equilibrium concentrations 


Molecules of Ozone Produced per Second by Each 30-Watt } 
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micidal sou 
yne are less t 


of ozone obtained for sources O, S and E were, respective] 


2, 7 and 12 parts per 100 million parts of air. q 
The experimental results were combined with Com- | . slightest ventilation. Fig. 64 also indicates the degree of 


putations to produce the series of curves in Fig. 64 which 4 ‘lation necessary if germicidal sources produce ozone 


rces that the equilibrium concentrations of 


"a han 10 parts in 100 million if there is even 


a more tapidly than the present standard source S. It 1s 
1C 


Hphasized that these results are for one 30-watt source 
4 2500 cu. ft. of air. ae 

" From these results we computed the equilibrium con- 
ntrations of ozone for the 18 designs of germicidal instal- 
Hons published elsewhere 7 and discussed briefly later in 
is chapter. For germicidal sources equivalent to source S 
he OZONE concentrations were generally less than 4 parts 
:. 100 million. Even with sources equivalent to source E 
nly in one case was the result more than 10 parts per 100 


nillion parts of air. 


20r 


AMAGE TO PLANT LIFE 


The effect of radiant energy of 42537 upon plants is 
fiscussed in some detail in Chapter XII, but it is touched 
pon here as a cautionary measure. Plants differ markedly 
n their resistance to this energy. This is not surprising for 
short-wave ultraviolet energy is not penetrating and is 
Mreadily absorbed by most media. The epidermis of various 
species and parts of plants varies considerably. Damage is a 
matter of reaching the cells and tissues with this life- 
destroying energy. Young tomato plants grown indoors are 
particularly susceptible. In fact, they are generally damaged 
or destroyed in the lower occupied zone of a room whose 
upper stratum of air is being irradiated with germicidal 
) energy, without the human occupants experiencing any ill 
eitects. 

- Continuous exposures as low as 800 microwatt-minutes 
per sq. cm. damaged young tomato plants. This is only 2 or 
3 times that necessary to produce an MPE on average 


CONCENTRATION OF OZONE PER 100 MILLION 


Pha 


id 


Fic. 64. Equilibrium concentrations of ozone produced in a room bya 
germicidal source of different potencies in producing ozone. O, S and © 
E are respectively obsolete, standard and exceptionally potent 30-watt 
germicidal sources. 


provide a helpful picture of the effect of ventilation and 
potency of the source in producing ozone on the equilib- 
rium concentrations of ozone. Sources O, S and E are indi- 
cated on the illustration. The various rates of ventilation 
are expressed in cu. ft. per minute of fresh air admitted at 
one end of the room and exhausted at the other end. It is 
seen that insofar as source S is representative of 30-watt 
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untanned skin. The minimum exposure which damageg } 
other plants ranged from this value to 50 times this value _ 
This appears to be approximately the same range of regig__ 
tivity of micro-organisms represented by B. coli, moldy 


and yeasts. 


An extensive investigation resulted in the conclusion q 
that the concentration of ozone produced by the germj__ 
cidal installations was too low to damage tomato plants ang : 
the other species tested. In fact, in some cases low concen. | 
trations appeared to be beneficial. Concentrations of ozone 
decidedly greater than one would be content to breathe _ 
continuously definitely damaged some of the plants exposed, _ 


FADING OF MATERIALS 


The ultraviolet energy accompanying natural and _ 
artificial light is not inordinately responsible for fading of 7 
materials as is too commonly believed. It is true that the © 
fading power of radiant energy emitted by these sources ] 
increases in general as the wavelength decreases, but the — 
increase is not very marked. Such a conclusion cannot be 4 
accurately established owing to the countless colors and : 
materials. However, the case is better defined for energy of 
42537. As seen in Chapter XI, it generally fades many ~ 
materials far more rapidly than natural or artificial light. 7 
It discolors some plastics and many materials are not im- 4 
mune to it. However, this energy is so readily absorbed ~ 
that glass affords adequate protection for pictures and other ~ 
materials. Plastics, varnishes and lacquers also readily absorb ~ 
it so that protective media can be found where there is — 
urgent need for protection. The reflecting equipment can 9 
be so designed that the wall or other surface adjacent to it 7 


is not exposed to an excessive intensity of germicidal energy. 
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4 eecting Air in Occupied Interiors 


B DERATIONS 
ME BASIC CONSI 


“The disinfection of air in occupied rooms has for its 
‘ Rive an adequate reduction in the concentration of 
“porne pathogenic organisms in the air that is actually 
“eathed by the occupants. In an unventilated occupied 
Som the number of pathogenic organisms in the air in- 
‘eases With time and with the number of occupants. There 
x two ways of reducing this contamination of the com- 
‘nal air. One is by replacing some of the air by uncon- 
sminated air. Another is to kill these organisms while 
ating in the air or adhering to the floor, walls and other 
srfaces. A combination of both methods may be desirable. 
' As yet there are no accurate correlations between the 
espiratory diseases resulting from breathing air-borne 
pathogens and the actual number or concentration of these 
yrganisms in the air that 1s breathed. Perhaps in time such 
orrelations may become available, but for the present it is 
necessary to approach the matter in other ways. The sim- 
plest approach is to reduce the concentration of pathogenic 
srganisms in the air as much as is practicable as is done 
with water and milk. If adequate window area were avail- 
able and this could be open to the outdoors, as is practi- 
) cable during midsummer, there would be no problem of 
Contaminated air. But this is not possible during many 
months of the year outside the tropical regions. Further- 
More, most interiors when closed do not have ventilating 
systems with the capacity necessary to keep the concentra- 
tion of air-borne organisms as low as it is in the summer- 
ar e with the windows open. In fact, in a room of high 
Peccupancy it is impracticable to provide a sufficient rate 
of decontamination by actual air-replacement. 
__ By exposing the communal air to a sufficient intensity 
af germicidal energy for a sufficient time, the resulting dis- 
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infection of the air is equivalent to a similar reduction in q 
bacterial content by actually replacing a sufficiently Jay al 
volume of infected air with fresh air from outdoors.?5.6s Ind 
general, it appears that a practicable system of air-disinfeg. q 
tion involves a reasonable ventilation for the primary pur. ; 
poses of reducing odors and the concentration of carbon ~ 
dioxide, to which is added a system of air-disinfection jy 
the room itself. There are many variations in conditions — 
but the actual killing of air-borne organisms in the occupied a 
room appears to have possibilities that are practically un- ' 
realizable by ventilating systems which actually replace 
contaminated air with fresh air at a certain continuous rate, _ 
Let us assume that an installation of germicidal lamps 7 
has been operating long enough for the average concen. 
tration of bacteria in an occupied room to arrive at a con. 
stant value of P, per cu. ft. of air. Under this condition 7 
each of the M occupants of the room is assumed to expel | 
an average of B bacteria per minute. Obviously, when — 
equilibrium has been reached, the rate of killing by means — 
of germicidal energy equals the rate at which the occu- _ 
pants M are expelling live bacteria into the air. One cri- © 
terion by which the performance of an air-disinfection — 


installation may be judged is the ratio Po/B. 


In ordinary ventilating practice a given volume of air, 
with its content of bacteria, is withdrawn from the room — 
each minute and replaced by an equal volume of fresh air 
which may be assumed to be germ-free. In the case of dis- 
infection by means of germicidal energy, the lethal flux — 
kills a given number of bacteria each minute without re- 


moving the air from the room. The equivalent air-replace- 


ment V is the volume in cu. ft. of air that would have to 7 


be removed and replaced each minute in order to remove 


bacteria at the same rate as they are killed by germicidal — 
energy. For a room with M occupants there must be a 
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inte 
3 volume of either actual or equivalent air-replacement 
_ minute pet person V/M in order to maintain a satis- 
sory low concentration of bacteria in the room. 

F Thus two criteria, Po/B and V/M , are available. The 
a js direct and explicit. It 1s the relative average concen- 
| on of bacteria in the air after equilibrium has been 
tablished. The second is indirect and referable to ventila- 
3 performance from the viewpoint of air-borne organ- 
, As criteria there is no choice between them for one is 
¢ reciprocal of the other. ee 
There are two other criteria by which an installation 
sobt be appraised. One is the total equivalent air-replace- 
a V in cu. ft. per minute, and the other is the number 
: equivalent air-changes V/V, per minute, where V4 1s 
he volume of the room. If these quantities are to become 
com pletely satistactory, the number of occupants / must 
® taken into account and also the average contribution of 
ndesirable bacteria by each occupant. The number of 
juivalent air-changes per hour is 60 V/V, . In Tables 
<XIII-XXV it is seen that it is practicable to obtain 100 
d even 200 equivalent air-changes per hour by actually 
Jing the air-borne pathogens by irradiating the upper 
ratum of air in occupied rooms. 

' One of the basic factors affecting the efficiency of | 
sinfection of the air in an occupied room is the circula- 
on of air. Means must be found for rating this factor in 
ay given case in terms of the character and degree of the 
irculation which may be natural or artificial or both. If 
here were little or no circulation of air in the room, prac- 
cally all the bacteria in the irradiated stratum (Fig. 63) 
pwould be killed while the air in the unirradiated occupied 
Stratum would be laden with living organisms. Under these 
mditions the efficacy of the disinfecting installation would 
ie practically zero for the reason that the circulation-factor 
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would be practically zero, Thus a new term is neceggan 
for basic practical considerations of air-disinfection b q 
means of sources of germicidal energy installed in occupie dl 
rooms. (See Fig. 65.) 7 a 

If the air in a room circulated at such a rate that thal 
concentration of bacteria in all parts of the room wer. 


ere — 
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' AVERAGE AIR-VELOCITY IN FPM 
ee 
WINDOW 
CEILING HEIGHT, i2- 


LONGITUDINAL OISTANCE IN FEET 


Fic. 65. Average air-velocities in a closed unventilated unoccupied room _ 
for four conditions. f 


practically uniform, a suitable germicidal installation would 
be maximally effective. In such a case the circulation-— 


in fecting ae 
“cities, directions and magnitudes of air-currents in an 
nied room. It is less difficult to comprehend and it can 
Bc cib ed in terms of ultimate results of a germicidal 
allation. In Fig. 66 circulation-factor C is plotted 
“inst units of lethal exposure KEt per cycle of air move- 
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SURVIVAL 


4 
UNITS OF LETHAL EXPOSURE PER CYCLE OF AIR MOVEMENT, KEt 


@ The relation of the circulation-factor C of air to the units of 


factor would be practically unity. ‘This new factor C could | 
be defined as the ratio of the relative concentration of — 
bacteria (or number per cubic foot of air) for an infinite © 


velocity of air (perfect mixing) to the relative concentra- ~ 


lethal exposure KE,t per cycle of air-movement. 

er t. This makes the curve generally useful instead of 
erely illustrative. The scale of survival-ratios at the top 
E Fig. 66 is related to exposure as shown in ‘Table XXI 


tion of bacteria, P,/B, for a finite velocity of air. It could” 


nd Fig. 67. We standardized, for computational purposes, 


also be defined as the ratio of the equivalent air-replace- 


Dunit lethal exposure at 4.75 milliwatt-minutes per sq. ft. 


ment V for a finite velocity of air to the equivalent air- 


for B. coli in air at normal temperatures and with a relative 


replacement for a perfect mixing of the infected and | 


disinfected air in the room. 
Admittedly, it is difficult to describe the circulation-— 


yr 


factor for it represents a resultant of an infinite variety of @ 
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umidity of 35 percent. The unit lethal exposure for B. coli 
Sless than the foregoing value for lower relative humidities 
yhich are common indoors in winter. It is greater for very 
mid air but this aspect needs further study. 
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In Fig. 67 the unbroken line indicates the relationship 
between exposure Ez in milliwatt-minutes per sq. ft. and 
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i i ionshi in milliwatt- 
Fic. 67. Showing the exponential relationship of exposure in mi 
minutes per sq. - and Sreivaleate of B. coli or percentage killed for 
air of 35-percent relative humidity. The possible limits for dry and very 
moist air are also indicated. 


survival-ratio and percent killed for air-borne B. coli in ait 
of approximately 35 percent relative humidity. For sim- 
plicity it is plotted for an exposure of 50 milliwatt-minutes 
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4 A sq. ft. for a nearly complete kill (99.99 percent), in- 
j stead of the slightly lower value given in Table XXI. The 
- proken lines indicate the probable range from very dry air 
to very moist air. The limits have not been well established, 
4 but it is believed the unbroken line in F ig. 67 is fairly con- 
7 servative for air-borne B. coli in interiors during the cold 
- season when the relative humidities indoors are commonly 
- Jess than 35 percent. 

| The upper scale in Fig. 67 is for micro-organisms 10 
" times as resistant to germicidal energy as B. coli. It is obvi- 
ous that the values of Et in the upper scale are 10 times 
_ those in the lower scale. Thus Fig. 67 can represent the 
 yelationship between exposure Et and percent killed for 
_ bacteria of any degree of resistivity by properly increasing 
the values of the lower scale. 


_ IRRADIATING THE UPPER STRATUM OF AIR 


A simple and obvious method of disinfecting commu- 
nal air in an occupied room involves exposing the upper 
_ stratum of air to germicidal energy.*® ™ ® If the sources of 
| germicidal energy are located at a level of 7 feet above the 
floor and are screened from the occupants, the upper 
- stratum of air can be disinfected to a high degree in a short 
period of time. Efficient reflectors are available for the 
purpose. Aluminum whose surface has been speciall 

_ treated is a very efficient reflector of energy of 42537. The 
_ reflection-factors of the upper walls and ceiling for this 
_ energy must be low enough so that the intensity of germi- 
_ cidal energy reaching the eyes and skin of the occupants is 
insufficient to cause conjunctivitis or severe erythema. As 
discussed in Chapter V, these low intensities may have 
some therapeutic value as indicated by work on the pre- 
vention and cure of rickets.?* ** Materials having high or 
_ low reflection-factor are available as seen in a later chapter. 
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Fig. 63 illustrates some basic principles of disinfecting 
air in an occupied room by exposing the upper stratum oa 
air to germicidal energy. As seen in Chapter VI the effeo. 
tiveness of a germicidal source of energy increases with the 
size of the air-duct. This is also true when the upper patil 
of a room is the irradiation chamber. The efficacy of a 
source of germicidal energy depends upon the length o¢ 


the path before the energy reaches an absorbing surface © 
ee) 


such as the walls and ceiling. Assuming the sources to fg 
installed at the 7-foot level as in Fig. 63, it is obvious that 


the length of most of the germicidal rays increases as the” 


height of the ceiling increases. For a low ceiling the rays 
indicated by A are relatively short. For a higher ceiling 
the rays B are longer. For a high ceiling the rays C are sti] 
longer. At the right of the illustration is a simple scale | 
indicating the volume of irradiated air in terms of the total. 
air in the room. It is obvious that the distribution of ger 
micidal energy by the reflecting equipment should differ” 
for different heights of ceiling. The reflectors should gen 
erally project the energy in directions having strong hori-_ 
zontal components. This is increasingly important as the 


ceiling height decreases. Appropriate reflecting equipment 
is available for these various requirements as illustrated in 
Fig. 73. | q 

The difference between disinfecting a surface and a 
volume of air is very important. Suppose a surface 1 sq. ft. 
in area is infected with B. coli and held perpendicular to — 
one of the rays illustrated in Fig. 63. Suppose it is at such a 
distance that the intensity of germicidal energy is 50 milli- 


watts per sq. ft. As seen in Fig. 67, under certain conditions” 


90 percent of the B. coli would be killed in 15 seconds, 99 
percent in one-half minute and 99.99 percent in one minute. — 


iy 


However, the germicidal energy would be almost com- q 


e, 
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oh absorbed by the surface and, therefore, is no longer 
Mieforfurtheruse; 

Now replace this surface with an imaginary thin film 
ir one foot square. The same degrees of killing would 
a Jace in the corresponding periods of time, but 70 
mificant amount of the germicidal energy would be 
orbed. This energy would pass on to the next layer of 
‘and do the same killing. In other words, the killing of 
_B. coli on the square foot thin film of air would be 
seated throughout a cubic foot of air and so on through- 
B che volume of air that energy traversed. Of course, 
A would be a diminution of intensity of energy due to 
e operation of the inverse-square law. However, in most 
the larger well-designed installations germicidal energy 
a other directions adds reinforcements. Actually, in 
ssigning for spatial disinfection of air, the average length 
t the germicidal rays R and average intensity E of germi- 
jal energy are dealt with. Then the matter of time is 


b 


ye arrive at the very important matter of average air- 
q slocity (Fig. 65) and the number of cycles of air-move- 
jent per minute or per hour to and from the irradiated 
fratum. Fig. 66 now assumes more significance. 

» Iman actual installation the germicidal flux F, emitted 
y the longitudinal source may be considered to be emitted 
1 elementary wedges from equipment with an efficiency 
J, The total flux emitted is UF, or F. If the germicidal 
uw traverses a volume of V cubic feet through a distance 
2 in feet in a parallel or divergent beam, the average flux 
ensity or intensity of germicidal flux E is FR/V milli- 
watts per sq. ft. In an actual occupied room germicidal 
ux is absorbed by the walls and ceiling. The average 
fiect may be allowed for by a factor Z which is termed 
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‘ken into account. The result is average exposure Et. Thus — 
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actin 


the wall-factor. Therefore, the average flux density E, , 
it 


Feater ceiling height for a room of fixed width and 
milliwatts per sq. ft. in the irradiated space of V, cu, . pr 


~ The average length of the germicidal rays R and the 


ef ect FRZ per lamp increase with the ceiling 
ae. Study of the effects of ceiling height on these fac- 
reveals basic principles involved which affect the 
Bey of germicidal installations. The circulation of air, 
h is exceedingly important, is illustrated in Fig. 65 for 
sed unventilated room and discussed later. 

Hxtensive data obtained with controlled air, as de- 
ed in Chapter VI, provide the basic facts, and mathe- 
cs provides the means for predicting the results which 
be obtained in ducts, in other enclosed spaces, and in 
ie ied rooms. Sufficient experimental data were also 
jined in actual rooms with air artificially infected with 
oli. These basic data on the rate and degree of disinfec- 
s and on the intensity and distribution of germicidal 
rg have been used by Buttolph “ as the basis for prac- 
"Wells has also published valuable data in a series of 
allent papers.** ** °° Here we shall draw from our own 
ak ** °° °” for illustrations of the principles involved and 
results obtained. | 
Tn Fig. 69 are illustrated typical results of bacterial 
plings in a closed room and under conditions described 
r. [he room was 14 ft. X 18 ft. with a ceiling height of 
arly 12 ft. and a volume of 2500 cu. ft. The upper three 
mi dishes reveal colonies of B. coli (after 24-hour incu- 
on) taken from the air when it was not irradiated with 
micidal energy. The lower three petri dishes reveal an 
host complete killing of the air-borne B. coli by two 
‘watt germicidal sources located at the 7-foot level as 
strated in Fig. 63. One source was located at each of the 
Dosite ends of the room. The initial output of each source 
§ 11,000 milliwatts of energy of A2537. The average in- 


E, = FRZ/V; 


where F is the total flux entering the irradiated space and J | 
is the average length of the germicidal rays in feet, TH 
wall-factor Z in occupied rooms should approximate Unity, | 


FLUX FIN MILLIWATTS PER LAMP 


10 12 
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Fic. 68. The effect of ceiling height upon certain factors when the 
stratum of air above the 7-foot level is irradiated by four standard 30- 
watt germicidal sources. a 


The results of mathematical treatment of these various 
factors are illustrated in Fig. 68 for a room 24 ft. by 24 ft. 
with a ceiling height Hy and a vertical height H, of the” 
irradiated stratum above the 7-foot level. It is seen that the 
lethal flux F emitted by the germicidal equipment and 
its efficiency U increase with the ceiling height. This is 
merely a matter of requiring a less concentrating reflector 


f 
5) 


214 Disinfecting Air in Occupied Intel 4 


t 


J ir i ied Interiors 915 
ecting Air in Occup 


“ 
ak 


tensity of germicidal energy throughout most of the icra 
ated space averaged about 50 milliwatts per sq. ft, Frat 
Table XXI and Fig. 67 it is seen that this intensity resulh 

in an almost complete kill of air-borne B. coli in one minutes 


Be yas evidenced by the bacterial samplings. (See 
s Vill, XIV, XV.) 


ULATION OF AIR 
J there were no circulation of air in rooms illustrated 
95, 63 and 70, disinfection of the upper stratum of air 
1] be of no value to the occupants. However, there are 
sarrents even in closed unventilated rooms due to dif- 
¥ es in temperature just as there are breezes and winds 
Bors on a larger scale due to the same causes. Convec- 
“currents rise from hot radiators. ‘They rise vertically 
‘force replacement from upper to lower strata. Less 
‘ceable currents rise from the heating due to each occu- 
« Air cooled by cold windows tumbles downward. 
Hificial light-sources cause convection currents. Activi- 
§ of occupants stir the air. To all these contributors to 
movement fans can be added. If there is a ventilating 
‘rem it increases the circulation. 

‘Tt has been necessary to study these air-currents in 
ual rooms in which the movement of air is controlled 
air-replacement from ducts and in rooms in which the 
pvement of air is due to circulating fans, movement of 
ect pants or merely differences in temperature. Ihe aver- 
e velocity of air in a room varies from a very low value 
about 10 feet per minute when it is due to actual air- 
placement. The velocities otherwise obtained may vary 
om a very low value to the limit of comfort of the occu- 
nts. Apparently the lowest velocities of air which are 
finitely noticeable by persons normally clothed and 
mewhat active are of the order of 60 to 100 feet per 
Inute. 

Ina closed unventilated unoccupied room 14 ft. by 18 
+ with a 12-foot ceiling with the steam radiators turned 
I, air velocities were found to vary from 1 to 7 FPM. 


j 


Fic. 69. The top row illustrates colonies developed on petri dishes ex- 
posed to a given sample of air infected with B. coli. Petri dishes in the 
lower row were similarly exposed to air which was being irradiated 
with germicidal energy. 1 
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If the air circulated so that on the average it remained in the 
irradiated space one minute, the kill would be 99.99 per= 
cent. In one-half minute, the kill would be 99 percent. 
For organisms of higher resistivity, either E or ¢ or both 
must be increased accordingly. The results illustrated in 
Fig. 69 were obtained with the heat radiators turned on 
and the 12-inch fan in operation as described in the follow- 
ing section. With less circulation of air, more B. coli sur= 
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With the radiators in operation the velocities ranged d bd at this rate by disinfected air from the upper 
° ° e is AG t e [ ° e e 
high as 35 FPM. By adding an ordinary electric fan, placer — the equivalent of excellent sanitary ventilation 
a0 117], ' 


overhead on a wall and directing the air-stream 
above the horizontal, the velocities ranged from 25 to 100 
FPM. The average velocity of the air in feet per mini 
over the entire room was 2.5 with no heat and no fal 
6 with heat and no fan; 25 with heat and 10-inch fap. anf 
fe é ? Q 
50 with heat and 12-inch fan. The average air-velocitice 
produced along the length of the room by each of the fous 
different conditions are illustrated in Fig. 65. Inasmuch a, 
the velocity of air is a very important factor in disinfecting 
air by irradiating the upper stratum, much consideration 
should be given to it. Hot radiators and cold windowe 
produce powerful air-currents, but fans and planned yep. 
tilation can contribute much to the effectiveness of these 
germicidal installations. a 
Let us consider a room with a ceiling height of 14 fees” 
in which the vertical depth of irradiated air is 7 feet. The 
volume of the upper stratum of air above the 7-foot level 
would be equal to that of the lower occupied stratum of 
infected air which is not irradiated. Suppose that the circus ( Vener y OO OP AIA In Fee 
lation 1s similar to that illustrated in F ig. 70 and SUppos : | 70. Showing the variation of air-disinfection with the rate of air- 
that the air rises over one-half of the room at a uniform 
rate of 60 ft. per minute or one foot per second. Obviously, 
over the other half of the room it would be descending at 
the same average rate. In 7 seconds one-half of the lower 
stratum would be replaced by an equal volume of disin= 
fected air from the upper stratum. In 14 seconds one com= 
plete air-change would take place. This is at a rate of about 
4 air-cycles per minute or 240 per hour. An air-velocity of 
60 feet per minute is apparently not very objectionable to 
occupants if they are normally clothed and somewhat 
active. A vertical velocity of air of 35 ft. per minute woul d 
result in about 120 air-cycles per hour. If infected air is 


4 be achieved. Compare this with 6 to 12 air-changes 
... which are not always attained with mechanical 
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yement in a room 24 ft. x 24 ft. with a 12-foot ceiling and 24 occu- 
ts. The air above the 7-foot level is irradiated by four standard 30- 
t germicidal sources. 


This type of circulation is illustrated in Fig. 70 for a 
om 24 ft. x 24 ft. with a 12-foot ceiling and 25 occupants. 
he upper 5-foot stratum of air is assumed to be irradiated 
th four 30-watt germicidal sources, each of which ini- 
ly emitted 11,000 milliwatts in the spectral region of 
137. Lhe efficiency of the reflectors is 63 percent. As the 
stage air-velocity increases from a low value to 100 FPM, 
S seen that P,/B decreases rapidly to a value of 0.2 per- 
ht. [his means that the number of bacteria B per cu. ft. 
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is only 0.2 percent of the number expelled per minute 4 


occupant. It is assumed that the bacteria have th 
resistivity as B. coli. It is interesting to note the valy 
are less than 25 percent for average air-velocities le 
120 FPM. In this range the equivalent air-replacem 
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6 
NUMBER OF LAMPS 


Fic. 71, The interdependence of the number of standard 30-watt germin 
cidal sources and the velocity of air-movement. Only the air above the 


7-foot level is irradiated, 


occupant ranges up to 580 CFM. Compare this with a rate : 
of 30 CFM per occupant supplied by mechanical ventila- { 
tion in schools. Within the range of air-velocities from 
0 to 120 FPM, the equivalent air-replacement ranges up to ' 
about 13,800 CFM. The volume of this room being 6912 
cu. ft., this value means about 2 air-change equivalents per 
minute or 120 per hour. This rate is about 20 times that 
provided by mechanical ventilation in schools and about — 
10 times that which is commonly provided by excellent © 


mechanical ventilation. 
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4 Fig. 71 the computed results are plotted for a room 
ss ft with a 17-foot ceiling and 50 occupants. The 
| idal sources, varying in number from 1 to 
d to be located at the 7-foot level in appro- 


Ze: 
) 


vatt germic 
were assume 


a 


scities, 30 and 60 FPM. It is seen that with air moving 
EO FPM, one germicidal source 1s as effective as two 
Eecs with the air moving at 30 FPM. With four or more 
snjcidal sources, the equivalent air-replacement is about 
. as great for an average air-velocity of 60 FPM as for 


\RIOUS GERMICIDAL INSTALLATIONS 


‘f 


7 In preceding sections the basic factors have been dis- 
ssed for installations of germicidal sources at the 7-foot 
sel in occupied rooms. In order to illustrate further the 
Jationships of the various factors and of the results ob- 
mined, 18 installations for rooms of various sizes are pre- 
snted and analyzed. The computations are based on the 
llowing assumptions and conditions: 


‘a. The relative humidity of the air was 35 percent. oe aes 
p. The infecting micro-organisms were equivalent to B. coli in resistivity 
or susceptibility to radiant energy of \2537. 

. The survival-ratio of bacteria, and percentage killed, follow the expo- 
nential law discussed in Chapter V and illustrated in Table XXI and 
Fig. 67. 


that 63.2 percent of the bacteria are killed by this exposure. 

-e. Each 30-watt germicidal source emits 11,000 milliwatts in the spectral 
region of \2537, but the efficiency of the reflectors varies in accordance 
_ with requirements. iol 

“f. No factors of safety are introduced to take care of depreciation of the 
reflecting equipment due to dust or decrease in the output of the germi- 
_ cidal sources. 

g. With the exception of Designs 14 and 15, the irradiated space was that 
_ above the 7-foot level and, therefore, the dominant direction of the 
_ germicidal rays was horizontal. 

h. The average velocities of air in the irradiated space varied from 48 to 
_ 80 FPM, which are within practical limits of comfort and achievement. 


2 reflectors. The data are plotted for two average air-" 
, te % 


‘d. The unit lethal exposure is 4.75 milliwatt-minutes per sq. ft. This means 
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Ss 
The results of the computations are presented in Tap) q 

XXII, XXIV and XXV along with the results ac es 


Detailed study of these reveals many interesting fa 
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4 ay e A e 

A of 60 ft. or more, the air was assumed to rise at the 

> descend in the center of the room, or vice 


hieveg 
Cts and q 
TABLE XXIII @ 


Essential Details of Six Designs of Germicidal Installations in Rooms of 
Dimensions and the Results Achieved in Each Case for Bacteria Eq 
to B. Coli 


es and to can I 
eas ‘JJustrated in Fig. 71. | | 
"In Designs 1 to 4 it is seen that the efficiency of the i 


dector increases from 38 to 5 6 percent as the height of 


Var 10ug 4 
Ulvaleng 


TABLE XXIV 


a 


Desven unio: : b E ; : aa Details of Designs of Germicidal Installations and the Results Achieved . 
Length of room in ft........... L 24 24 24 24 | 4 a 7 i 8 9 10 Il 12 
; ; : if , ber 
ee i ROOM ADEE SHS oa asa W 24 24 24 24 “ 30 4 4 ao” Ble: Seve 12 16 40 60 120 120 
eiling height in ft......... s+. Ho 9 12 17, 22 12 30 sngth of pe Biiete\e\s'6 7. oe 16 40 60 60 60 
wee of rdsu area a 2 5 10 15 129 Width of et, OT say ih 12 12 12 ony 30 40 
olume of room in cu. ft........ Vo 5,180 6,910 9,790 12,670 6.94 , I Rime height 1p fi. - + °°: ‘sft. 5 5 5 5 20 30 
Volume of irradiated stratum in dite, 800 , th of jrradiated stratum in ft. a fae ss 010 | do ta0nl 23200216 Hout 2s4 7600 , 
CUMPL. Santen cas Vi 115026288012 67 ) Tame of room in cu. ft....-.- Y0 , : : 
oe tiie roe ; ; ,/60 8,640 2,880 4.509 _ Jolum diated stratum in A 
Milliwatts emitted by each source Fo 11,000 11,000 11,000 11,000 11,000 44. _ (Clit cdaidaia heii. V1 720 1,280 8,000 18,000 144,000 216,000 ‘| 
Milliwatts emitted by each unit. F 4,200 5,000 5,800 6,100 5.0997 ri _ earns FRZ 50,500 58,400 88,400 98,000 217,000 283,000 | 
Efficiency of reflecting unit F/F 0, 840 P. 1 1 6 10 14 24 y 
AEE eh mara dies Hie. aoe. oak ee | Pernge flux density | 
Ratio of ray length to room width, ° am - ne Ei 70.1) 45.3.5 .66NSs ded NOt 31.4 i 
DELCO Eee eile ais vee ie! aie r 46 67 86 99 67 ig | MESS CS insane aaa ; i 
‘ Walltastor 6 - ir in irradiated | 
rey ala heaps , aegea ie 7s ee. 48.0) 48 72 «72 80 80 | 
-feet per lamp......... FRZ 42,000 68,000 96,000 112,000 68,000 73 500 a % space, ft. per min......-. be | 
ne “3 oa a Bay ae eae iy ; : : 3 a es ‘a a... Ke S260" | SAS F796 e edie Dede tens as q 
verage flux density in irradiate i GS SBS SSO I naa ata . . . . : . i 
space in milliwatts per sq. ft. E 146 94.4 66.7 51.9: “ 7Or9 + culation-factor, percent..... C Mee 2634 30.3 iB yest 20.7 40 26.1 i 
Vay of air in irradiated space, a . Number of occupants........- M 2 4 50 100 1,000 4,000 | 
RDeL GAM ever miuits soos. Be 48 48 48 a Pauivalent air replacement | 
Time air is exposed to flux in one He 72 60 Bic it... ee Mo... V 2,810 3,680 14,400 42,800 257,000 375,000 i 
Pet saa of Toom, Min... ....... af 0.5 0.5 0.5 0.5 0.33 0.5m Per occupant, cu. ft. per min. V/M 1,405 920 288 ee ‘ oo ae \ 
ethal exposure per air } Per occupant, cu. ft. per hr... 60V/M 84,300 55,200 17,280 25,68 15, , 
cycle. ee fittete ees KEit 15. 453 95943 “ S7LOL 5.46 4.97 6,97 ‘Per cu. ft. pero: Saar na Vive oe te 0. Re nee 1. = en 
Su yea tatio after irradiation... P/Po 0.0000 0.0000 0.0009 0.0043 0.0069 0.0010 eens Per ater | 
irculation-factor, percent...... € O35 LOR 14.3 18.3 20 14.5) Relative concentration of bac- or 
Number of occupants.......... M 25 25 25 25 25 4008 Merteria, percent............. Po/B 0.07 Oeit 0.35 0.23 0.39 3 
Equivalent air-replacement \ e 
Pe ee can oe At $00 17,450 8,580 9,000) the room and height of the irradiated stratum increases 
ae * 225 im Al os | 
Ber serupent, ait per hr... Oy 53520 13,800 27,600 41,880 20,580 13,500 from 2 to 15 feet. This is due to the fact that the reflector i 
, dt. Of TOON se cis 0 0.83. 1.17 1.38: 1,94 y : : : ) 
Air-change equivalents per hr.... ACE 26 50 70 83 74 50 a an be less concentr ating as these heights Increase. | 
Relative concentration of bacte- ‘a I : ° D : 1 13 h t ° d ooms | 
Tia, PeICeNt......... esses. Po/B 100,43) 0.22 0.14 0.29 0.44 4 me ep parent in oe £0 t ce oreHpice # i 
een with low ceilings are more difficult to disinfect than rooms 
relationships. A few of these are emphasized briefly in the with high ceilings. The increase in the effectiveness of 4 
comments which follow. germicidal sources is illustrated in Designs 1 to 4 for the 
| Data from Designs 1 to 4 are plotted in F igs. 68 and 70 saine size of room and same number of occupants, but with 
where the air is assumed to make a more or less complete increasing height of ceiling and irradiated stratum. Note 
circuit of the room. In large rooms having widths and the increase in equivalent air-replacement. The air-change 
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equivalents ACE per hour for Designs 1 to 4 incr 
from 26 to 83. The equivalent air-replacement 
pant increased from 92 to about 700 CFM. 


Designs 13, 14 and 15 deal witha buildin 
roof such as on army barracks. 


TABLE XXV 


Details of Designs of Germicidal Installations and the Results Achieveg 


Design Number 


13 14 15 16 17 ) i9 
Length of room in ft.......... L 100 100 100 200 « 200 dl 
Width of room in ft.......... Ww 20 20 20 100 100 
Ceiling height in ft........... Ho 71 Fo 7214 25 95 100% 
Depth of irradiated stratum in 

LOIN Ot rch ne Ao ee a Ay 0-4 Ho Ho 15 15 7 

Volume of room in cu. ft...... Vo 18,000 18,000 18,000 500,000 500,000 369 ong 4 

Volume of irradiated stratum Be) 
INCHED a. Soke fh V1 4,000 7,400 6,200 300,000 300,000 200, gg 

Milliwatt-feet per lamp....... FRZ 43,800 64,200 57,000 261,000 261,000 219,99) _ 
No. of 30-watt germicidal lamps WV 8 8 2 40 40 i 
Average flux density in irradi- 

ated space in milliwatts 4 

Berea ties free cscs E1 87.6 69.4. 110 34.3 34.9 eae 
Velocity of air in irradiated ‘= 

space, ft..per:min........'.. v 60 60 60 60 100 100 
Units of lethal exposure per air 

CYB ries cok aia nae KE 4.61 2.44 3.87 6.10 3.66 2.76 

Circulation-factor, percent.... C 2465 Sie4 250 16.4 26.6 
Number of occupants........ M 100 50 100 1,000 1,000 1,000 
Equivalent air replacement 

Motalecusslts 3 oe hes oo ais 15,850 40,500 36,400 360,000 585,000 375,000 
Per occupant, cu. ft. per min. V/M 158 810 364 360 585 375 
Per occupant, cu. ft. per hr.. 60V/M 9,480 48,600 21,840 21,600 35,100 22,500 
Per’eu. it: of rooms. V/Vo 0.88 9225 2502 0.72 1e17 1.04 
Air-change equivalents per hr.. ACE 33 135 121 43 70 62 
Relative concentration of bac- 
teria (Percents. hse dee Po/B 0.63 0.12 02 27: 0.28 0.17 


assumed that the germicidal energy was directed down- | 
ward in the center of the room and that the air-currents 
rose at the sides and descended in the center of the room. : 
This could be accomplished by means of fans and could be 


aided by hot radiators at the sides of the room. 


Design 18 deals with an industrial interior with a_ 


monitor roof. 


It is emphasized that no factors of safety are included — 


for these installations. The output of these germicidal 
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Fe a ing Air in Occupied Interiors 
q decreases during their useful life and the output of 
Gi a reflecting equipment decreases appreciably if 
. kept clean. Through neglect the intensity of 
te “a aa in the irradiated space might decrease 
a : Sever, this does not mean a 50-percent de- 
a number of bacteria killed. It is seen in Fig. 67 
. wae mean a decrease from 99.99 to 99 percent 
q es Boa 99 to 90 percent killed. Nevertheless, a 
tie factor of safety is advisable to allow for the 
spable variation in the resistivity of pathogenic organisms. 
Mower relative humidities than 35 percent, the senate 
B. coli decreases. If this 1s true of other organisms, the 
a monly low humidity indoors in winter appears to 
fovide a factor of safety. 


A A TARY VENTILATION BY AIR-CHANGE EQUIVALENTS 


4 The disinfection of air by actually killing the air-borne 
athogenic organisms creates a new ‘kind of ventilation 
which may be termed sanitary ventilation. In the past, 
fentilation has been considered from the viewpoints of 
ody odor and the concentration of carbon dioxide. The 
latter is not harmful, but it is a measure of the contamina- 
on of the air by the occupants. If the average number of 
athogenic organisms expelled by an occupant were as well 
fnown as is the amount of carbon dioxide exhaled, the con- 
entration of carbon dioxide might also be a measure of the 
needs of sanitary ventilation. 

_ Mechanical ventilation by actual air-replacement has 
been generally considered to be reasonably satisfactory 
when a sufficient volume of air is supplied to a room to 
K eep the concentration of carbon dioxide below 10 parts in 
10,000 parts of air. This requires a supply of fresh air at a 
rate of 20 to 50 CFM per occupant. Compare this with the 
rates of 92 to 1400 CFM of equivalent air-replacement per 
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occupant in Tables XXIII, XXIV and XXV achieveg 


disinfecting the air in the occupied rooms. °y q 
Suppose fresh air is supplied by mechanical ventiJ,_ | 
tion at a rate of 33 CFM per occupant in a classroom 20 fr 
x 40 ft., with a 10-foot ceiling and 24 occupants, Thus _ 
2000 cu. ft. of fresh air would be supplied per occupant, or 
a total for the 24 occupants of 48,000 cu. ft. per hour. The : 
volume of the room is 8000 cu. ft. Therefore, the actug] _ 
replacement would be 6 air-changes per hour. The dilution g 
of the contaminated air with fresh air follows an exponen. _ 
tial law if there is perfect mixing. At the end of the first 
10 minutes 8000 cu. ft. of fresh air will have been admitteq. 
Assuming a complete mixing of the fresh and contaminated _ 


air, 36.8 percent of the original air still remains'in the room, 


At the end of 20 minutes 13.5 percent of the original air | 


remains. At the end of 30 minutes 3 air-changes had taken 


place and about 10 percent of the original air still remains _ 


in the room. It would require 90 minutes for 9 air-changes 


with the result that 99.99 percent of the original air had 


been taken from the room by mechanical ventilation. 


Now let us consider the bacterial content of the air in _ 


the foregoing case. After the occupants had left the class- 
room, it would require 30 minutes for 3 air-changes which, 
through dilution with fresh air, have rid the room of 90 
percent of the original air-borne bacteria. It would require 
9 air-changes and 90 minutes to rid the air of 99.99 percent 
of the original bacteria. A germicidal installation can ac- 
complish this in a very short time with proper circulation 
of air within the room. If the occupants had remained in the 
room, they would have been expelling bacteria into the 
room at some average rate. A germicidal installation can 
readily provide 60, 100 or 120 air-change equivalents ACE 
per hour as is seen in Tables XXIII, XXIV and XXV. 
Mechanical ventilation can be used to supply 6 to 10 air- 
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infecting Al 
| ___. ver hour to get rid of body odors and to keep the 
shanges ee of carbon dioxide down to permissible values. 
i _ntilation can provide many times more air- 
a uivalents to keep the concentration of pathogens 
is Bcce dingly low values indicated in the foregoing 
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ECONTAMINATION AND DISINFECTION EFFECTIVENESS OF AIR 
CHANGES AND AIR CHANGE EQUIVALENTS (LETHES) PER HOUR 
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Fic. 72. Rates of decontamination of air by mechanical ventilation and 
of disinfection by germicidal energy. 


In Fig. 72 are plotted the actual air-changes and 


. Pesults achieved or achievable during 30 minutes by me- 


chanical ventilation. What is commonly considered good 
yentilation provides 10 to 15 air-changes per hour. The 


‘ possibilities of disinfection of air are illustrated by 60 and 


120 air-change equivalents ACE per hour or units of lethal 
“exposure (lethes) per hour. ats 
_ Irradiating the air in a ventilating system while it 1s 


a flowing in air-ducts may be sufficient for sanitary ventila- 


‘tion of rooms of low occupancy. However, this method of 
‘disinfection has the limitations of mechanical ventilation. 
Therefore, to obtain an almost complete killing of air- 
‘borne pathogens, or a high degree of sanitary ventilation, 
iit is necessary to irradiate the air in the occupied room as 
‘discussed in this chapter. 
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SIMPLIFIED DESIGN OF GERMICIDAL INSTALLATIONS yg ene oe y. SOx 
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From results such as are described in this and Preceding — ! 
chapters, it has become possible to simplify the desion ¢ ae XS D6 A 
germicidal installations. A 30-watt source, supplyin a i { Hite i LBA 

re ap €, SUPpIYING a given — WY 40Z2 
milliwatts of germicidal flux, can be related to a given ‘\_ZeZ st | 
height and volume of irradiated space. Equipment which — T&S acon SUE cia 


properly reflects and distributes the germicidal flux f 4 a 1 eo ean 
given case can readily be obtained designed. Typiel _ tf 7) SA VAY 
distributions of available equipment are illustrated in Fig ga ) an 
73 as determined by Buttolph.* By multiplying watts per 4 ue 
sq. ft. by 1000, milliwatts per sq. ft. are obtained. Figs. 74 { Ld 
and 75 ae also borrowed from Buttolph to show the inten. _ ( == ) 
sities of germicidal flux at various distances from a typical Wag / 
fixture containing a 30-watt germicidal source. = q SLT oo 
In Fig. 74 are shown the iso-intensity curves in the q ‘Fic. q 
vertical plane with one fixture on one wall and another on _ _ 
the opposite wall of a room 32 ft. long or wide. It is seen _ 3 
that, for a 12-foot ceiling, the intensities throughout the : 
vertical plane are generally greater than 25 milliwatts per | 
sq. ft. From Fig. 67 it is seen that this intensity operating | 
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. Typical distributions of germicidal energy in the vertical plane 
dicular to the tubular 30-watt source. 
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for one minute kills more than 99 percent of air-borne 7 eS INGEN 
B. coli. Considerable volumes of the irradiated space have canoe = a Ms = SAEs 
intensities which kill 99.9 percent in one minute. i SA RS Sa © 
xg | a z 
These facts are confirmed by Fig. 75 which shows the SED KI Poesy les aa Sa] A Aen Nails 
iso-Intensity curves of the two fixtures in the plane of the D-H JAS See SET 
: ° ° . : A te oe 
tube and in the direction of maximum intensity. (aaa CE A 
Tables XXIII, XXIV and XXV deal with such a HH See 
-. e j dQ 
variety of cases that the number of 30-watt germicidal "ay eee ete ere ste aie oe 
sources for almost any occupied room can be estimated | Ee 
e ° 7 <a 
fairly accurately. However, guided by these and other data ae k oe gas asa F 
A e e ; Breet — M WIDTH N - 
and by experience, Buttolph has reduced the specification i oe h Lolanet ical germi 
. ° ; q Fic, 74. Iso-intensity curves in the vertical plane for two typical germi- 
of germicidal ao ces and Sopot to simple tables. As a cidal fixtures, each sieainiae a standard 30-watt source. See A and C 
the practice of sanitary ventilation develops, bacterial air- in Fig. 73. (After L. J. Buttolph.®4) 
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sampling will determine the possibilities of further refinin 


and simplifying the use of germicidal energy for disinfeg,. q 


ing air. 
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Fic. 75. Iso-intensity curves in the plane of the tubular 30-watt source 
and in the direction of maximum intensity as indicated in A and C of 
Fig. 73. (After L. J. Buttolph.®) 


The number of germicidal sources of a given wattage 
used in appropriate equipment for irradiating the air above 
the 7-foot level varies as the area of the room for a given 
height of ceiling. The effectiveness of a germicidal fixture 
increases with the average length of the rays and, therefore, 


- with the distance across the room. The number of fixtures 
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4 raining 2 germicidal source of a given wattage varies 
a the average dimension of the room. The inherent 
wi B 


fectiveness of the fixture itself varies with its contour and 
; dependent upon the direction of the maximum intensity 
Beeenmicidalcnergy. =e 

Some fixtures emit their maximal intensities of energy 
through much more air than others. A fixture whose maxi- 
“al intensities are at 35 to 40 degrees above the horizontal 
may be considered to be quite effective up toa distance of 
10 feet. A fixture whose maximal intensities are in direc- 
tions 15 to 20 degrees above the horizontal are similarly 
effective up to a distance of 20 feet. Therefore, these two 
types of fixtures may be considered to be effective over 
BE srontal areas of 150 and 300 sq. ft., respectively, for the 
same germicidal source. 
» In general germicidal fixtures should not be located in 
corners of rooms. The germicidal rays should be given all 
the opportunity possible to cover distance before suffering 
almost complete absorption by surfaces, as 1s desirable in 
occupied rooms. a 

- ‘The number of 15-watt or 30-watt germicidal sources 
for a 99-percent kill of air-borne B. coli (or equivalent) in 
4 room of certain dimensions is found in Table XXVI. 
| E uttolph *t developed these simplified specifications from 
data presented in this chapter and from other sources. It 
will be noted that in rooms of low ceilings only a 90- or 
70-percent kill is achieved by the number of sources speci- 
fied. This can readily be increased to more than a 99-percent 
kill by doubling the wattage of germicidal energy indicated 
in the table. It is assumed that the germicidal sources are 
used in fixtures of appropriate design in each case. 

_ A blank place in Table XXVI means that the number 
‘of sources indicated in the same column above the particu- 
Tar blank space is more than sufficient. For example, for a 
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room 10 to 13 feet long with a ceiling height of 14 to 25 
feet, one 15-watt germicidal source is sufficient for widths 
from 10 to 39 feet. 

Table XXVI is based upon killing B. coli in the upper 
irradiated space. Many organisms are. more resistant than 
B. coli. Besides, for these installations to be effective, there 
must be an adequate circulation of air between the irradi- 
ated space and that of the occupants. It 1s likely that Table 
XXVI represents minimum requirements in many occupied 
interiors. For killing most fungi, yeasts, etc., the number of 


germicidal lamps indicated in Table XXVI should be in- 
creased considerably. 


TABLE XXVI 


Simplified Specifications of 15-Watt and 30-Watt Germicidal Sources for Rooms 
of Various Ceiling-Heights and Floor Dimensions for the Indicated Percent- 
ages of Air-borne B. Coli Killed 


Room length, feet 
JOto13, 141018 191024 25%031 32% 39 401048 491058 


Germicidal source 15 w. 30 w 15 w. 30 w. 15 w. 30 w. 15 w. 30 w. 15 w. 30 w. 15 w. 30 w. 15 w. 30 w, 
Room Width in 


Feet Rooms with 14-foot to 25-foot ceilings for 99-percent kill 
LOCO FNS ay fom ts 1 i 1 es 2 1 2 1 3 1 4 2 5 2 
14 tO 185s oa AS os ve 1 3 1 2 1 4 2 5 Z 6 3 
19 tO 24 es ste ee MS ers 3 iE 3 1 5 2 6 3 fi 3 
AOPLO Geach rene, a fe sie a te a 4 2 6 3 7 3 8 4 
92:10:39 62 es elaine ecbcy Gonetinn cana Noga Mec NE TAN pee lan tbat: sh 7 3 8 4 9 4 
Rooms with 11-foot to 13-foot ceilings for 99-percent kill 
1O0itonts. 53. 2 i| 2 1 2 1 3 1 5 Z 6 3 8 4 
1 CO ap Ra a aye a7 3 1 3 1 4 2 6 3 7 3 9 + 
193 to 24 ee fs fe ee Se xe 4 2 5 2 7 3 9 40° 41 5 
ZO tO Shieh ae are a sg ss eh 6 3 9 4 10 SS gl? 6 
S210) SOE ries athe: 3 os oe AP aierets aif 10 Searle 6 14 7 
Rooms with 9-foot to 10-foot ceilings for 90-percent kill or with 8-foot ceilings for 
70-percent kill 
LO'TONIS eos Tei 1 vs 2 1 2 id 3 1 4 2 3 2 
LEO AS eres So aye oe 2 sf 2 1 2D, 1 4 4 5 2 6 3 
I9'tORZ4 eS en. ae e2 Ay oi 3 1 3 1 5 2 6 3 7 3 
BOOS Packs oan re ait de ae Bs ; 4 2 6 3 7 3 8 4 
S2 1039) vena, : SEO Gda a MR eRe ee fe 7 3 8 4 9 4 
Rooms with 9-foot to 10-foot ceilings for 99-percent kill or with 8-foot ceilings for 
90-percent kill. Occupants exposed not more than & hours daily 
LOLCOMS Hert ses 2 1 2 1 3 1 4 Z 6 3 8 4 10 5 
Lato UL Shoots a ae 3 1 4 2 5 2 8 4 10 een 6 
DONO 2A he at ci, 5 2 6 3. 10 Says k2 6 14 7 
25:0; 318. eos 7 Sine i? 6 14 TANI6 8 
S210'39 sets a 14 LCG $018 9 
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Chapter IX 


Disintecting Water 


——————————————————E 


THE PRIMARY requisite of water for drinking purposes 1s 
that it be free of pathogenic organisms. Cholera, typhoid 
and paratyphoid, and bacillary and amoebic dysentery are 
due to water-borne organisms. At the present time polio- 
myelitis is suspected of being water-borne. At any rate, it 
is generally recognized that micro-organisms must be killed 
or removed from water as a preventive measure. Filtration 
and chlorination are practiced on large scales in municipal 
water supply. These are effective and relatively inexpensive 
processes in cities which daily supply 100 to 200 gallons of 
water per inhabitant who drinks only a quart of it. Dis- 
infection by ultraviolet energy at the present time cannot 
possibly compete with large-scale chlorination. However, 
there are many small communities and individuals that need 
safe drinking water. Also there are countless other needs 
for disinfected or sterilized water. 

With the advent of the quartz mercury-arc several 
decades ago, interest developed in its use for disinfecting 
water for drinking purposes and industrial processes. Many 
were installed for treating the water of swimming pools. 
However, the quartz mercury-arc had certain physical dis- 
advantages. It is essentially a relatively high-wattage source 
and the heating effect often renders it difficult or imprac- 
ticable to use. The 360-watt quartz mercury-arc, as shown 
in Table XVII, emits considerable germicidal energy. At a 
distance of one meter it is about 20 times as effective in 
killing water-borne B. coli as the noon sunlight in mid- 


summer. (Figs. 36 and 37.) Notwithstanding this successful 
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challenging of the sun, the quartz mercury-arce did not 
come into extensive use. " 

A new challenger has arrived in the form of a low- 
pressure mercury-arc. It is inherently a low-wattage source 
and of much higher germicidal efficiency than the relatively 
high-pressure quartz mercury-arc. [The output of germi- 
cidal flux of the present standard 30-watt germicidal source 
is about 9 times as great per ‘watt as the quartz mercury- 
arc. In other words, the 30-watt germicidal source is about 
80 percent as effective in killing bacteria as the older 
360-watt quartz mercury-arc. This enormous increase in 
germicidal efficiency of artificial sources has inspired a 
re-examination of the questions and problems of disinfec- 
tion of water and other liquids by means of ultraviolet 
energy. Extensive investigations have already yielded basic 
data and principles on which technology 1s constructed. It 
is rather surprising that only a relatively scanty basic 
knowledge had been developed during the decades in which 
the high-pressure quartz mercury-arc was being promoted 
for water disinfection. 

The advantages of disinfecting drinking water by 
means of ultraviolet energy are generally self-evident. The 
water itself undergoes no significant change. Materials in 
solution which give drinking water its pleasing qualities 
are retained. Nothing is added to the water to impair its 
taste or odor. The degree of disinfection can be as nearly 
complete as desired. However, practical applications ex- 
tend beyond drinking water into many fields. ‘The patho- 
genic organisms are generally killed with ease as is evi- 
denced by experiments with water-borne B. coli. In many 
cases only the disease-producing organisms are of interest, 
but when all the organisms must be killed, much higher 
resistivities are involved. 


q Disinfecting Water 


233 


In Plate IX are shown some results obtained by expos- 
ing a mixture of waters from fish pools. Practically all the 
organisms were killed in 6 minutes by an intensity of ger- 
micidal flux of 150 microwatts per sq. cm. As seen in Fig. 
78 a 99.99-percent kill of water-borne B. coli would be 
achieved in 2 minutes by the same intensity. However, 
some organisms are even still more difficult to kal, 

In Plate VI are shown some results with fungi. 
Shallow layers were exposed in petri dishes to 200 micro- 
watts per sq. cm. for different periods of time from 0 to 20 
minutes. Apparently many organisms were killed in the 
first 3 minutes, but it is obvious that some resisted an 
exposure of 4000 microwatt-minutes per sq. cm. This is 
more than 10 times the exposure which effects an almost 
complete all of water-borne B. coli. In fact, these resistant 
organisms and many others can withstand much greater 
exposures. Some may not succumb to any practicable ex- 
posure to germicidal energy. 

The foregoing glimpses are presented at the outset of 
the present discussion. They emphasize certain limitations 
of water disinfection. However, there are many possibilities 
involving the killing of pathogenic and many other organ- 
isms. Here we shall present the known facts and develop 
the principles involved. Practical application must meet the 
specific requirements in each case. That distilled water, 
artificially infected by adding a solution of B. coli in a 
suitable nutrient, can be readily disinfected 1s illustrated in 
Fig. 82. Such results were obtained by exposing the in- 
fected water for about one minute to an intensity of 400 
microwatts per sq. cm. The disinfection is so nearly com- 
plete that one may say the water was sterilized. Apparently 
B. coli in water are 5 to 10 times as resistant as in air of 
various humidities. 
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ABSORPTION AND TRANSMISSION OF WATER 


In dealing with disinfection of air, the matter of ab- 
sorption of the air can be ignored. For distances generally 
encountered indoors, the transmission-factor of the air may 
be considered to be practically unity or 100 percent. In 
other words, there is no significant absorption of energy of 
42537 by ordinary depths of air. This is not true of water 
and other liquids. Water from various sources has signifi- 
cant absorption-coefficients which vary over a considerable 
range. Since the germicidal energy must reach the water- 
borne bacteria in sufficient intensity for a sufficient period 
of time, the Telationship between transmission-factor and 
depth of a given water must be established. 

In Fig. 76 are shown such relationships for 8 clear 
waters taken from various sources as indicated. For a homo- 
geneous medium, the transmission-factor t of radiant en- 
ergy of wavelength A varies exponentially with the depth d. 
In the case of germicidal energy from the new low-pressure 
mercury-arcs, the energy may be considered to be concen- 
trated at 42537. Therefore, 


ee e "4 or ¢ = 0.986% 


where 7 is the fraction (approximately 0.02) reflected at 
the surface of the liquid and a is the absorption-coefficient 
of the medium. The plotted values become 98 percent for 
zero depth as illustrated in Fig. 76. If the measurements of 
transmission-factor are made in such a manner that the 
effect of reflection by the surface is not included, the expo- 
nential law for clear non-turbid homogeneous water is 


t= ¢7%4 


For various specimens of water it was found that the 
straight-line relationship illustrated in Fig. 76 holds to at 
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Fic. 76. Showing transmission-factor for the energy (A2537) from a 
standard germicidal source for various depths of eight different clear 
waters. 


deen ee ie a on Pe RA ae 


a an ESE Ae 


for~ 


oePTH OF WATER n INCHES 


TABLE XXVII 


The Absorption Coefficients a for Energy of \2537 per Centimeter and per Foot 
Thickness of Various Waters, and the Percentages of This EnergygTransmitted 
to Various Depths in Inches 


Percent Transmitted to Various 


Absorption Coefficient Depths 
Source of Water  PerCm. Per Fi. Sine  Olne AZ TRE ZETA: 

Mictilled........... 0.008 0.24 92 88 78 61 

Swimming pool..... 0.031 0.94 78 62 39 15 

Ashtabula tap....... 0.037 1.14 74 56 32 10 

Wleveland tap...... 0.050 ese 67 46 22 4.7 

Drilled well........ 0.056 1.72 64 42 18 Bhs | 

Mish pool: ......... 0.070 2.14 58 34 12 1.3 
0.6 


Make Etie.......... 0.083 2353 52 28 8 
9.05 : 
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least a depth of 24 inches or to a transmission-factor of 
one percent. In order to complete the physical analysis fo, 
these 8 different waters, the 
absorption-coefficients and 
percentages transmitted by 
various depths are presented 


in Table XXVII. | 
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SOURCE OF 
GERMICIDAL 
ENERGY 


MEASUREMENT OF 
TRANSMISSION 


Apparatus designed and 


used for rapid measure- 
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of water is illustrated in Fig, 
77. The source of germicidal 
energy is of special labora- 


a Sh eS 


transmitting glass bulb and 
it emits most of its ultravio- 
let energy in the neighbor- 
hood of 42537. The energy 
emitted in the spectral region 
42950-A3150, where there are 
three prominent mercury 
PHOTOELECTRIC CELL of oUt Ry A Ke 

FOvANLIFiGA Laas lines, is only about 2 percent 

Fic. 77. A device for measuring of that in the 42537 region. 
the transmission and absorption- The germicidal energy passes 
a a Watel (UCR, through clear quartz and a 
limiting diaphragm and_ is 

then transmitted by the water in a vertical water-cell 
with a bottom of clear quartz, and is finally incident upon 
a zinc silicate phosphor on glass. The 42537 energy pro- 
duces a strong greenish fluorescence in this phosphor and 
the measurement of relative brightness of the phosphor 1s 
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© substituted for it. Thus a “zero-thickness” reading can be 


‘ments *’ of the transmission ._ 


tory design with ultraviolet. 
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gy de by means of an RCA No. 929 phototube and an am- 
- er.© The high concentration of energy in the N2537 
Pon and high response of the phosphor in that region 
a bine to make the fluorescence due to that spectral line 
j 2B 99 percent of the total fluorescence. By using a differ- 
QO 


ential shutter of quartz and pyrex, respectively, at the 


Ai _ the response of the phototube to near-ultra- 
a an visible energy, transmitted by the glass plate on 
; hich the phosphor is coated, is automatically compen- 


‘ ated. : 
i The water-cell can be moved along a track so that it 


moved from the beam and the extended quartz base 


‘aken at any time without emptying the water-cell. It has 
‘been found experimentally that the water-cell with a thin 
film of water has approximately the same transmission as 
“the quartz plate extension, thus making it unnecessary to 


‘correct the observations for reflection at the surface of the 
‘water. The diaphragm limits the beam well within the area 


of the bottom of the cell so that no radiant energy from 


the source strikes the cell walls directly. Thus all energy 
transmitted by the sample of water impinges upon the 
phosphor and there is no effective change in the length of 


optical path with different thicknesses of water. 


EFFECT OF MINUTE IMPURITIES 


Some investigations were made to ascertain the con- 


Dini 


‘stituents of clear water responsible for decreasing its trans- 


' mission of germicidal energy of 42537. Typical constitu- 
‘ents of common drinking waters were added to double 


‘distilled water in amounts varying from 1 to 100 parts per 
million by weight. No great decrease in transmission-factor 
‘was found for calcium chloride, calcium carbonate, calcium 
sulfate, magnesium chloride, magnesium carbonate, mag- 
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nesium sulfate, sodium chloride, sodium carbonate, 
sulfate and aluminum oxide. Even a mixture of 20 
each of sodium chloride, sodium sulfate and sodiy 
bonate in a million parts of double distilled water de 


88 percent. However, one part of iron oxide caused a 


reduction from 93 to 35 percent. Adding one part of iron ' 
by way of ferric chloride solution, to one million parts E. q 


double distilled water reduced the transmission-factor of 4 
5-inch depth from 93 to 7 percent. The addition of one 
part of iron, by way of ferric sulfate solution containin 
ferric oxide precipitate, to a million parts of the distilled 
water caused a reduction from 93 to 27 percent. | 


From the foregoing it is seen that of the constituents _ 


tested, iron is an outstanding cause of absorption of energy 
of 42537 by ordinary clear waters. This is not surprising 
; 


for iron performs this same function in glass. If a glass is : 


to transmit energy in the region of A2537, it must be prac- 
tically free of iron. In public water supplies, iron is com- 
monly present in quantities from 0.02 to 7 parts per million, 
The average from 54 sources was found to be 0.6 part per 
million. | 
The decrease in the transmission-factor of water due 
to iron was demonstrated by putting a steel tack in distilled 
water. After 72 hours, the transmission-factor of a 5-inch 


depth was reduced from 93 to 61 percent. After this water _ 


was passed through a coarse fritted glass filter, the trans- 
mission-factor increased to 79 percent. 

A steel tack was placed in a pint of Cleveland water 
from a cold-water tap. After 72 hours, the transmission- 
factor of a 5-inch depth decreased from 53 to 19 percent. 
After passing this water through a coarse fritted-glass filter, 
the transmission-factor increased from 19 to 40 percent. 

The foregoing glimpses reveal the great influence of 
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the transmission-factor of a 5-inch depth only from 93 tol 
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sjnute quantities of iron in decreasing the einen 
oefficient of clear water. A few THOLe examples 1 Ustnate 
he extreme sensitivity of absorption- and transmission- 
spefficients to minute quantities of foreign materials in 
‘olution or suspension. The use of fine fritted-glass filters 
owed that some of the waters from various sources con- 
ined some material in suspension even though it was not 
isible as such. In the following cases the transmission- 
factors apply to 4 3 -inch depth of water. 

The transmission-factors of water from cold-water 
4 s in 26 large cities varied from 8 to 70 percent. Their 
Bt, sorption-coefficients a varied from 0.46 to 0.066 per inch 
or 0.18 to 0.026 per cm., respectively. 

"Cleveland water taken from adjacent cold-water and 
hot-water taps had transmission-factors of 53 and 34 per- 
cent, respectively. 

- Cleveland water from the same cold-water tap was 
placed ina glass bottle having an ordinary cork. ‘The bottle 
was inverted for several days. Apparently the contamina- 
Fon due to the water-soaked cork reduced the transmis- 
sion-factor from 53 to 34 percent. Water from the same 
cold-water tap was stored in a glass-stoppered bottle for 
15 days without any change in transmission-factor. 

-_ Water from this same cold-water tap was treated 
several ways and the transmission-factors were found to be 
as follows: untreated, 53 percent; heated to 80°C. and 
cooled, 50 percent; heated to boiling point and cooled, 48 
J percent; boiled 10 minutes and cooled, 43 percent; un- 
treated but passed through a coarse fritted-glass filter, no 
change; boiled 40 minutes and passed through same filter, 
42 percent. A pyrex vessel was used in heating the water. 
_ Reducing the temperature of the water from the cold- 
‘water tap from 25° C. to 4° C. did not affect its transmis- 
sion-factor. 
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A 5-inch depth of double-distilled water had a trang 
mission-factor of 95 percent. There was no change after 


passing through a fritted-glass filter, but after passin 


through two ordinary filter papers the transmission-factop 1 


decreased to 58 percent. 


Several common rubber gaskets for glass jars were © 
allowed to soak for 24 hours in a glass jar containing g 
pint of water from the cold-water tap. The transmission. q 
factor of a 5-inch depth was decreased from 53 to 6 


percent. 


these samples appeared to have material in suspension. B 


passing through a coarse fritted-glass filter, the transmis. _ 
sion-factor for a 5-inch depth increased from 11.6 to 15 a 
percent. Another water from a large city contained no ob- _ 
servable suspended matter. However, after passing through ~ 
a very fine fritted-glass filter, the transmission-factor of 4 : 


5-inch depth increased from 10 to 18 percent. 


The results in general reveal that the major part of the 
absorption of radiant energy of A2537 by clear drinking ~ 


waters from various large municipal sources is due to mate- 


rials in solution rather than in suspension. ‘They also indi- — 
cate that some possible uses of the extreme sensitivity of the — 


transmission-coefficient of water might be made in deter- 


mining minute quantities of compounds. A device such as. 


illustrated in Fig. 77 might have some applications in the 
quantitative measurement of materials in solution. By care- 
ful calibration in terms of chemical analyses, valuable 
information might be yielded in a relatively ‘easy manner. 


EFFECT OF IRRADIATION ON ABSORPTION 


In the course of accurate measurements on the influ- 
ence of minute impurities upon the absorption-coefficient 
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As seen later, the samples of water obtained from some _ 
cities had relatively low transmission-coefficients. One of | 


a 

ntecting Water nt 
q as found that intense irradiation of the water 
2 of A2537 markedly altered the absorption. In 
4 th Be cs the absorption-coefficient of the water was 
a me a Be inced to that of double-distilled water whose 
4 oe Me dicient was a = 0.0055 per cm. A few ex- 
ee hould be of interest. In all cases the samples of 
7 Be jere from a municipal supply or other source of 
Biking water. [he samples were irradiated in quartz cells 
_.. different periods of time, the intensity of germicidal 
Sy being 3000 microwatts per sq. cm. The resulting 
s osures were relatively very great compared with those 
essary to lull B. coli or even molds and yeasts. | 

A commercial mineral water sold for drinking pur- 
Bees had an absorption-coefficient a= 0.055 per cm. 
hefore treatment. After irradiating for 24 hours a was 


BP auced to 0.015 per cm. 
mA sample of Cleveland water from a cold-water tap 


reacted as follows to irradiation for different periods: 


( 


water, it Ww 


a Hours 
{ 0 a = 0.047 per cm. 
0.5 0.037 
1.5 0.027 
325 0.021 
19.0 0.0055 


| A fter 19 hours the absorption-coefficient had decreased to 
that of double distilled water and it remained at that value 
after irradiation when stored in quartz and glass vessels. 
Boiling some of this treated water for a period of 20 min- 
= utes increased a from 0.0055 to 0.027. Further irradiation 
again reduced the absorption-coeflicient. 

_ This same schedule was repeated with other samples 
of water from municipal supply systems with similar 
results. 

i By being able to make accurate measurements of the 
transmission of 42537, many interesting facts were un- 
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KILLING B. COLI IN WATER 


Clear water was infected with B. coli 24 hours old b 


adding them to a suitable nutrient, such as Levine’s Eosin 7 
Methylene Blue Agar and introducing a quantity of this — 

infected nutrient into the water. The transmission-factors 
of various concentrations of the nutrient in the water Were _ 


measured for various depths of the solution for germicidal] 
energy of A2537. It was found that for the small amounts of 
infected nutrient which were added to the water, the trans- 
mission-factor was not significantly reduced. The effect of 
the natural dying-rate of the B. coli was eliminated by 
keeping all samples, exposed or unexposed to germicidal 


energy, in the same solution for the same length of time 


before transferring measured amounts to petri dishes for 
incubation for 24 hours at 37.5° C. The usual procedure of 
counting the colonies then yielded a record of the survival- 
ratio or percentage killed for each exposure, Et. 

Practically a complete kill, as illustrated in Fig. 78, is 
obtained by an exposure of about 350 microwatt-minutes 


per sq. cm. The unit lethal exposure for B. coli in water, as __ 


determined by more than 1000 separate cultures, was found 
to be about 40 microwatt-minutes per sq. cm. This is 5 to 
10 times as great as for air-borne B. coli in air of various 
common relative humidities, as illustrated in F ig. 67. This 
higher resistivity of water-borne B. coli is consistent with 
the fact that the resistivity of air-borne B. coli appears to 
increase with the humidity. 


Disintecting Water { 
covered. All of these were investigated further, but a digs q 
cussion of these aspects would lead too far afield, I ic 
sufficient to bring to the attention of the reader the facil 
that exposure to germicidal energy can greatly alter the 3 
absorption and transmission of ordinary drinking water — 
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a ° ° ° a e f 
4 tv the relationship of the survival-ratio o 

j eee B. coli and exposure appears to be adequately 
water- 


: acti urposes by the exponential 
epresented for practical purp y p 

~ ation 
equatio 


ie 
P/Po = ¢ Q 


Eis the intensity of germicidal energy; 

«. the time of exposure in minutes; | 
ms he exposure (Et) which renders the exponent ¢ equal to minus one, 
Qist ich is termed a unit lethal exposure or lethe as Wells has pro- 


posed. 


- water-borne B. coli, Luckiesh and Holladay * have 
Jerermined this to be 40-microwatt-minutes per sq. a 
a other words, this exposure kills 63.2 percent and o ie 
4 sly the survival-ratio 1s 36.8 pereene The abe ye 
relationship has been questioned, but the author and his 
solleagues found it to hold over practical ranges. 

In Fig. 78 the broken line represents the average 
esults obtained from counts of many cultures of B. coli 
made from samples of infected water taken before and 
Mfter various exposures at various depths of water. The 
| bsorption-coefficient a of the water was 0.05 per cm. sl 
).13 per inch. However, this was important only in the 
actual work as it affected the intensity of germicidal energy 
‘at various depths of the water. It is not involved in Fig. 78 
in which exposures Et are plotted. The straight unbroken 
line represents a true exponential relationship between 
exposure and percent killed or survival-ratio. Many factors 
are involved in these techniques and the counting of the 
colonies is inherently an approximation. However, the expo- 
jential law appears to represent the relationship adequately 
for practical purposes. ; 

In Fig. 79 is illustrated the vertical section of an 
aluminum tank and a double-parabolic reflector used for 
the basic investigations on the disinfection of water. It will 
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be noted that with the tubular germicidal source in th 
of the two parabolas, the space below is subjecte 
cross-fire of radiant energy. The reflector was close 


TAP WATER WITH 
ABSORPTION COEF. 2290.05 


SURVIVAL RATIO PA, OF @. COLI 


100 “150 200 250 300 350 
EXPOSURE (Zt) IN MICROWATT-MINUTES PER SQ. CM. 

Fic. 78. Showing the relationship between survival-ratio of B. coli and 
germicidal exposure. The broken line represents the results of man 

determinations. The true exponential relationship shown by the solid 
line probably holds over practical ranges. (See Figs. 36 and 37.) 


germicidal source. It provided a cover for the tank which 


held the water. For convenience, tanks of several depths 
were used. As will be emphasized later, tanks of this type 
might well be used in practice. They can be used in series 
or parallel or both, depending on the capacity needed. 

In Fig. 79 the intensity of germicidal energy is indi- 
cated for various levels with and without a depth of 12 
inches of water. In this case, Cleveland tap-water was used 
and its absorption-coefficient a was 0.05 per cm. or 0.13 
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_ «och, As might be expected, the intensity decreases 
a . ith depth of water. When the tank contained 12 
apicly Fe ver the intensity E of germicidal energy at the 
iehes 4 el fas 610 microwatts per sq. cm. At the same 
en there was no water in the tank, the intensity at 


Ne [12-inch level was 700 microwatts per sq. cm. The 
ne R 
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AVERAGE INTENSITY: OF GERMICIDAL ENERGY IN MICROWATTS PER SQ. CM 
(INTEGRATED FROM ALL DIRECTIONS) 


; Be 79, Showing the decrease in intensity of germicidal energy with 
fistance below a 30-watt source located in the foci of a double-para- 
bolic reflector above an aluminum tank. (See Fig. 87.) 


fPason is that the water by its absorption reduces the 
| A ount of interreflected energy. Incidentally, with the best 
equipment these intensities of germicidal energy can be 
increased somewhat. 

The energy at a given point was measured from 6 
© different directions. One may imagine a minute cube at 
each point and the intensity of germicidal energy measured 
at each of its facets. These are then added in order to 
arrive at the total germicidal energy impinging on a bac- 
terium at that point. The values in Fig. 79 are averages of 
Measurements made in the foregoing manner at representa- 
tive points in each horizontal plane indicated. 
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The effect of the absorption-coefficient a of Water o 


the intensity of germicidal energy at various depths q ig { 
illustrated in Fig. 80 for 7 specimens of clear water, Severa] 
of these specimens are the same as illustrated in Fig. 76 and § 
Table XXVII. They represent the complete range of abla 


NTENSITY, E=98 67 


412CM. OF WATER 
AL=ABSORPTION COEF, PER CM, 


MICROWATTS PER SQ. CM 


OEPTH OF WATER IN CM. 


Fic. 80. ‘The intensity of germicidal energy decreases as the depth of 


water increases. Data are presented for seven clear waters of different 
absorption-coefficients. 


sorption-coefficients found in investigating many different 
waters. In fact, the absorption-coefficient of the water from 

a concrete cistern was much greater than the greatest 

exhibited by any municipal water examined. 

The data obtained by using a standard 30-watt germi- 
cidal source in an aluminum reflector over an aluminum 
tank, as illustrated in Fig. 79, made it possible to determine 
the rate of disinfection of Cleveland tap-water (a = 0.05) 
containing B. coli to various survival-ratios or percentages 
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Hed as illustrated in Fig. 81. The output of eS . | 
ille hat of the currently standard 30-watt source but | 
+ was not as efficient as it could have been. 
-.. fin actual intensities of germicidal flux at vari- 
4o d 


( 
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"_ _ 0,00736 Fo 
33 GALLONS PER HOUR= “Coq a 


(i- ete) 


Fo = MICROWATTS OF 2 2537 EMITTED BY LAMP 
ABSORPTION COEFFICIENT PER CM. 
(l=DEPTH OF WATER IN CM. 


Q=UNIT LETHAL EXPOSURE 


=40 MICROWAT T~ MIN. PER SQ. CM. Wai ieee 
GQ= EXPOSURE IN MICROWATT~ MIN. aaa / 
al Mm ae 
/ 
ZA 


.0O1 01 
SURVIVAL RATIO OF 8B. COLI 
368 276 184 92 40 0] 

EXPOSURE, GQ, IN MICROWATT-MIN, PER SQ. CM. 


i 81. Rates of disinfection per 30-watt germicidal source of various 


waters, infected with B. coli, for different exposures. 
4 


ous levels below the source are presented in order not to 
Fimit the data to one actual source with a specific output. 
The depth of the water was extended downward sufficiently 
so that it absorbed 90 percent of the incident germicidal 
flux. As seen in Fig. 76, this depth is about 18 inches for 
the Cleveland tap-water. The data in Fig. 81 indicate that 
one standard 30-watt germicidal source, used as described, 
can kill 99.9 percent of the B. coli—a survival-ratio of 0.001 
“in more than 2000 gallons per hour of Cleveland tap- 
water or any clear water with a = 0.05. 

_ From these basic data it was possible to compute the 
fates of disinfection for the other waters with different 
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absorption-coefficients. For a 99.9-percent kill the rateg 0 
disinfection appear to vary from 400 to 4000 gallons 
hour. Cleveland tap-water happened to represent an 4 


1000 


GALLONS OF WATER DISINFECTEQ PER HOUR PER 30-WATT LAMP 


0.05 0.1 0.15 . 
ABSORPTION COEFFICIENT @ PER CM. OF WATER 


Fic. 82. The rate of disinfection of clear water depends upon the ab- 
sorption-coefficient of the water. 


Q is the unit lethal exposure. In the case of water-borne 


B. coli, Q was standardized at 40 microwatt-minutes per 


sq. cm. [he number of these units in any given exposure is 
G. ‘These symbols were used in the basic analysis to avoid 
confusion. : 

It is emphasized that the results presented in Fig. 81 
apply only to clear waters with absorption-coefficients as 
indicated, to the particular type of installation illustrated 
in Fig. 79, to water-borne B. coli or organisms of similar 
resistivity, and to depths of water in each case which 


Disintecting Wateill 
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proximate average of this wide range of waters. In Fig, 8] ‘ 
the exposure Et is expressed in the equation as GQ where _ 


infecting Water 
Barb 90 percent of the germicidal flux incident on the 
surface of the water. The depths which absorb 90 percent 
Be ghe incident energy as seen in Fig. 76 varied from 4 
Aches for the cistern water to 18 inches for Cleveland 
a water, to 24 inches for the Ashtabula tap-water to 
a many feet for the distilled water. —o 

‘In Fig. 82 the same data as presented in Fig. 81 are 
slotted to show the relationship between rate of disinfec- 
foo, ii gallons per hour, per 30-watt germicidal source and 
the absorption-coeflicient a per cm. of water. These data 
apply only to water-borne B. coli or the equivalent and 
saclude no factor of safety. They also apply only to the 
syrrent standard 30-watt source emitting initially 11,000 
milliwatts of germicidal flux and used as illustrated in Fig. 
Te and described in the preceding paragraphs. These re- 
“sults are presented only as a guide. Doubtless an appre- 
“eiable factor of safety must be included to cover all or 
most pathogenic organisms. Certainly a large one is neces- 
sary for many other organisms. In other words, the gallons 
ner hour disinfected to any given degree will generally be 
less than those indicated for water-borne B. coli. In fact, 
as yet it is a question how far it is practicable to kill other 
" organisms than the pathogens. Some of these are illustrated 
in Plates VI, VIII and IX. 

_ Doubtless the reader has noted, and possibly has been 
annoyed by, the use of two systems of units. Such use is 
inevitable, but the author has tried to confine the use of the 
metric system of units to basic scientific data. This has 
many advantages and actually it should not be confusing. 
Naturally, one is forced to use the cumbersome irregular 
System in common use in discussions involving practical 
ap plications, Fortunately, the two units of exposure, micro- 


Watt-minutes per sq. cm. and milliwatt-minutes per sq. ft., 
4 
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are approximately equal, and for practical purposes can be 
used interchangeably. 


If the intensity of germicidal flux, or energy Of 42539 
at the surface of a clear water with an absorption-coefficiens 4g 


ais 1000 milliwatts per sq. ft., the time in minutes necessq 


to effect practically a complete killing of B. coli is found in 4 


Table XXVIII for various depths of the water. As alread 
shown, algae, fungi and protozoa are at least 10 times 


to be increased at least 10 times if such or 
be killed. 
TABLE XXVIII 


Time in Minutes Required for an Almost Complete Kill of B. Coli at Different ' 
Depths of Waters of Various Absorption-Coefficients 2 per Inch If 1000 Mi, 


watts of Energy of \2537 Is Incident on the Surface 


Depth in Inches of Water 
OLA O25 O00 1 BO SFO’ 104 20ce eee 


Absorption- 

Coefficient 

a per Inch Minutes for Almost Complete Killing of B. Coli ; 
0.01 0.50 0.50 0.50 0.50 0.50 0.50 0.55 0.59 0.66 0.91 _ 
O02 0.50. .0.50'' 0:50: 0:50,.0.50: 0.55. 0:59-0:64 0.81 1.300am 
@..05) 3°: 10750510550%'0350- 01500 ,55'.0,59°: 0.66 -1.08 1.40 2.00 
0.10) 0.30: 0.50;..0; 50. 0:55. 0.59 ¢0.65,..4.05..1.230 2.00 
0.20'> 0.50050, 0.55" 0.59 0.64 1.05 1-30. 9.00 
0.50 0.50 0.55 0.59 0.66 1.05 1.40 2.00 
1.0 Q..55;;-.0..59)., 0566.20.81. 1.530; 2:00 
2.0 O59: 0.650281: 1-30 2.00 
5.0 0.65. 0.81. 1.40 . 2.00 

10 0.81 1.30 2.00 

20 1.30 2.00 

50 2.00 

100 6.00 


ALGAE, FUNGI AND PROTOZOA 


Among the lower organisms which frequent water 
supplies are certain classes of algae, fungi and protozoa. 
The practicability of killing these with germicidal energy 
must be determined according to the needs and economics 
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resistant than B. coli. Therefore, the exposure would have — 
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ting Water 
sinfecting Energy of 22 537 is lethal to ot — 
©. has been shown by Meier * and others. ia 
ms a f unpublished work by a colleague, L. Ls Ho 
Be ted for the purpose of viewing the order of 
oo F of the exposures involved. eR 

a e green plants belonging to the lowest division 
F - Pie kingdom. They contain chlorophyl and, 
. a tilize solar energy in the process of photosyn- 
mere ie are six commonly recognized classes of algae, 
a ied contains a great variety of forms. In water- 
a cre are three important classes; namely, the 
: the green algae and the blue algae. ry oo 
a - Various specimens of algae were obtaine rom : 

/ , sources and exposed in glass dishes with not more than 
“" Pech depth of water. A 30-watt germicidal source 
| Bplied 200 to 400 microwatts per sq. cm. of energy of 
3 on the surface of the water. The specimens vie 
cubated in various waters that had been boiled. t ak 
a ys to a week after the algae had been aah pe ne 
Thecame more or less bleached or colorless aa ve is- 
integrated, forming a deposit on the bottom of the ous 
tainer. By observation under the microscope, it hi pos 
Bible to determine roughly the minimum exposure that was 
lethal. The entire technique appears simple, but wd 
factors are involved. Therefore, the results are at best only 
1 ations. 
Dror diatoms, 4 different green algae and 4 different 
blue-green algae, the minimum lethal exposures beni from 
18,000 to 30,000 microwatt-minutes per sq. cm. These are 
of the order of 50 times the exposure necessary to effect 
almost a complete killing of water-borne B. coli. No “i 
accuracy is claimed for these determinations, but they at 
some value in the present early stage of applications o 
germicidal energy. 
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ra 

Fungi also include many of the lowest forms of plant ; 

life, but unlike algae, they do not contain chlorophy] j 
Therefore, fungi cannot synthesize their food from carbon j 
dioxide, solar energy, water and mineral matter. They a 
must depend for their food upon organic matter produceg 
by animals and other plants. Thus fungi are either ; 
or saprophytic, if they live on their remains. 
divided according to their structure and mode 


par aSItic : 


a hey are 


! of repro. | 
duction into three classes containing more than two dozen 7 
orders and into many thousands of species. Some are 


pathogenic to man. 


Micro-organisms known as yeasts are unicellular forms — 
of fungi characterized by their manner of multiplication — 
or cell-division known as budding. The cells are spherical — 
or egg-shaped, possessing a well-defined cell-wall, and do 
not develop a filamentous growth or mycelium as molds do, 

Fungi obtained from various sources were exposed to _ 
intensities of energy of 2537 varying from 50 to 400 
microwatts per sq. cm. In some cases the infected water 
was exposed in shallow glass dishes. Then a measured 
amount of this water was mixed with a culture medium and 
incubated. In other cases the fungi were sprayed on the 
surface of a culture medium. In still other Cases spores 
were irradiated in dry dishes for various periods of time 
and then sprinkled on the surface of a culture medium. 

The results of many tests with fungi from pools, 
decaying leaves, manure and soil indicate that about 2000 
microwatt-minutes per sq. cm. generally resulted in a prac- 
tically complete kill. Spores appeared to be 10 times as 
resistant. Rhizopus spores were not entirely killed by an 
exposure of 16,000 microwatt-minutes per sq. cm. 

The protozoa, comprising the lowest group of the 
animal kingdom, are generally single-celled organisms. 
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Zz 5 body into two 
‘ multiply by fission of the y 

ne) os .. the eal part they live in sea and fresh 

oa’ higher forms of animal life harbor these para- 

aie and some are pathogenic to man and his 


4c protozoans : : i 
a . ated animals. Certainly these are undesirable in 
omestic 


rnking water. 

q i necia are protozoa. They may or may not be 
q ntative as to resistivity to energy of A2537. A series 
‘ndicated that 3200 to 5000 microwatt-muinutes 


£ exposures 1 
=P cm. were necessary to effect an almost complete 


| of these organisms. According to these tests they are 
gill 0 


bout 10 times as resistant as water-borne B. coll. 
i) 


- The foregoing are merely glimpses of the order of 
; nitude of the resistivities of various micro-organisms. 
nag 


Bhe quantitative values are to be considered only rough 
| pproximations. 


WATERS FROM VARIOUS CITIES 


Tn order to ascertain the various limitations of different 


| yaters particularly the range of their absorption-coefii- 
Pts “waters from many sources were obtained. These 
& ‘drawn from cold-water taps into sterilized glass- 


toppered bottles. In Table XXTX the specimens represent 


| the complete range of absorption-factors found pry 
many samples examined. As seen in the halite sect - 
the absorption-coefficient 1s grossly affected by yas 

juantities of materials in solution. Therefore, the values 
3 pen in Table XXIX as determined by Luckiesh, Taylor 
and Kerr * are by no means to be considered invariable. Z 
fact, waters obtained from other outlets of the municipa 


upply in some of these cities showed a marked difference 
n absorption-coefficient. However, these data are “ great 
practical interest in revealing the range and order of mag- 
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nitude of the absorption-coefficients of waters from large 
municipal supply systems. 

It is particularly interesting to note the range of depth 
of the various waters for an absorption of 90 percent of 
the germicidal flux incident upon the surface of the water. 


" these waters 4 
extreme 1G ange 
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{ q By plotting ona semi-log graph the resulting straight 
a 4 venient in several ways. The identifications of 
a... re found in Table XXIX. It is seen that the 
is within that represented by the eight speci- 


sin Fig. 76. None was as absorbing as the water from a 
en 
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DEPTH IN INCHES 


Fic. 83. ‘The transmission-factors of various depths of clear waters from 
different sources. 


This is an important factor, for high efficiency in the dis- 
infection of water requires that most of the energy be 
absorbed in the water where it is useful. Any of the energy 
absorbed by the surfaces of the water-container is irrevo- 
cably lost. | 

In Fig. 83 the relationship between the transmission- 
factor, or percent transmission at 42537, and depth of each 
water is plotted in accordance with the exponential law 
which holds for a homogeneous medium such as clear 
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TABLE XXIX 


sion of Germicidal Energy (\2537) by Water from Various Cities. 


The Transmission Varies Exponentially with the Depth of Clear Water 


4 Absorption Inches 
pe’ Coefficient a Percent Transmitted by for 90% 
oe itn PerCm. PerIn.  3In. 6In. 12In.  Absorp. 
.. Malanta 0.0258 0.0656 80.66.45 34.8 
ee Cieveland 0.0471 0.120 68-487 28 19.1 
Be philadelphia 0.0514 0.131 G6 i HAS sO 17.5 
Be pafalo 0.0546 0.139 6543 49 16.5 
ee etroit 0.0562 0.143 6440 18 16.0 
.- Chicago 0.0611 0.155 62 a0 14.7 
G Pittsburgh 0.0782 0.199 54 30 9 i. 
G LaGrange, Ill. 0.0782 0.199 54 30 9 i 
Ht New York 0.0804 0.204 gue le) St an bp 
Hf Dallas 0.0804 0.204 53. 29 Bishe ie Wd 
XK Portland, Ore. 0.0827 0.210 SD 8 7.9 10.9 
L Denver 0.0896 0.228 Bon oti Gay 10,0 
| WM Oakland, Calif. 0.102 0.258 45 21 4.4 8.85 
_ N Minneapolis 0.142 0.360 B38 lt 123 6.34 
0. Kansas City 0.166 0.422 OB eeTS OL 6Re 5 Ae 
_ P Akron, Ohio 0.177. 0.449 26>. 16.6.5) 0, 45% 55209 
 P Los Angeles 0.178 0.452 D5 1 6 5h O43 and 
 Q St. Louis 0.184 0.468 D4. 3.6.0. 280-864 4. taN88 
 R_ Boston 0.184 0.468 24 6.0 0.36 4.88 


concrete cistern and none was as transmitting as the dis- 
tilled water. However, some specimens approached these 
1 limits. It is particularly interesting that the same germicidal 
" installation can treat a depth of water A seven times as 


great as of waters P, Q or R with equal effectiveness. ‘This 


; means 7 times the volume or gallons per hour can be 
treated per 30-watt germicidal SOUrCE. 


From the basic data available it is possible to compute 
the number of gallons of any clear water that can be dis- 
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infected to a given degree by each standard 30-watt 
which initially emits 11,000 milliwatts of germicid 
The source is assumed to be used in a sui 
reflector as illustrated in Figs. 79 and 87, 
borne organisms are assumed to have a.susce 


TABLE XXX 


Computed Rates of Disinfection of Water, in Gallons per Hour 
Percentages of B. Coli Killed for Each Standard 30- 


Watt Source 
Illustrated in Fig. 79. The Specimens of Water Are 


Those Similarly 
nated in Table XXIX | 
Gallons per Hour and Percentages Killed 
W ater 90 99 99.9 
ORs WR ae Fn 14,000 7,000 4,500 
EDD ei ness 8,000 4,000 2,500 
Cae eee: 7,000 3,500 2,400 
De eit ee 6,500 3,300 2,200 
IPO teers ea, 6,400 3,200 2,200 
ye er 5,800 3,000 2,000 
Geen aN iy os 4,500 2,300 1,500 
| 2 Ie ai Sten 4,300 2,200 1,500 
7 NSS Save Rea 4,200 2,200 1,500 
] 5 OSE Ae 3,900 2,000 1,300 
oA a ar aa 3,500 1,800 1,200 
IVOIE okt tees 8 2,500 1,300 800 
oa Smee 2,100 1,100 700 
| Zit Sa re aay 2,000 1,000 700 
YSPC ROR Ae eR 1,900 1,000 650 


to B. coli. In order to reveal the possibilities, these com- 
putations have been made ® for clear waters having the 
absorption-coefficients indicated in Table XXIX. The re- 
sults are presented in Table XXX. By no means is it the 
Intention to suggest that germicidal sources should be used 
for disinfecting the municipal water supply in these large 
cities. In these large-scale systems germicidal flux cannot 
possibly compete with other processes in common use. 
However, these specimens aid in giving an idea of achieve- 
ments that might be expected in small-scale systems, iso- 
lated supplies of drinking water, in industrial processes, and 


Disinfecting Water q : 


Source © 
al flux. i 
table aluminum 
and the Water. _ 
ptbility similar _ 


p) for Three q 
Used ag ; 
Desig, 


ee be of 
of germ! 


: 257 
infecting Water 


-enic needs and practices. However, if other 
# Igae, fungi and protozoa are to be killed, 
on XXX must be reduced to at least one- 
ds, the reader might visualize the values 


jous hyg 
oanisms suc 
he rates in 

.. r wor 
oT h. In othe : 1 ie 
+ the last cipher eliminated. 


MERSING THE GERMICIDAL SOURCE 
Mi 


"In considering the disinfection of a liquid by eae ie 
on rev, a common impulse is to immerse the 
[traviolet ene aA | energy in the liquid. As shown later, 
yurce of - be necessary in treating liquids having 
his a Be de ficients, but in the case of water 
er pe ; . Been. Immersion also involves obvious 
es . ‘ Oi edis: In addition to these, it should be 
an v4 that if the liquid is cold, the cooling of the 
porne in Be iay pressure mercury-arc reduces the output 
oa energy. Inman and Thayer “ have discussed 


U 
ost 


| lass tube on the pro- 
me, 0 temperature ‘i = 5 hich ae 
duction of mercury resonance radiation whic mur 
a germicidal energy. Forsythe, Adams and Barnes,® 1n 
che : 


Ni 4 


| mercury-arcs, indicate that 
resenting fundamental data on y : 


Pi ici f a low-pressure mercury- 
maximum germicidal efficiency 0 Pp 


ie) 


re with a one-inch tube is obtained when the tube is at a 
Ad 4 


“temperature of about 40° C. The efficiency is reduced to 


about one-half when the temperature of the tube is 20 7 
7 Imagine a tubular germicidal source with a ger : 
ube G, as illustrated in Fig. 84, inserted vertically “ 
eylinder of water having a 12-inch. radius. If the ba = 
an absorption-coefficient of 0.2 per inch, 90 pepe : es 
ge rmicidal energy horizontally emitted by G 1s absorbe 


the 12-inch depth of water before it reaches the walls of 


the container. The energy which is not emitted seo nigerm 
suffers even greater absorption before reaching the wall o 


i ever, for 
the container for it travels longer paths. However, 
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demonstrating the points under discussion, only the ener 


emitted by G horizontally is considered and the horizont | | 
cross-section of the cylindrical container suffices Thi { 
cross-section 1s divided into twelve annular rings or vont q 

| sa 


CLEAR WATER WITH @ ©0.2 PER INCH 
QO-PERCENT ABSORPTION BY I- FOOT DEPTH 


(AY 


RELATIVE INTENSITY 
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Fic. 84. Illustrating factors involved in immersing a tubular germicidal 
source vertically in a cylindrical tank of water. 


numbered accordingly in Fig. 84. It is seen that the inten- 
sity of germicidal energy in the zone 12 is only 12 percent 
of that in the zone 1. Actually it is less than this for the 
reason that much of the energy passing through zone 1 
reaches zone 12 by longer paths than that traversed by the 
horizontal rays. The area of zone 12 is 23 times that of 
zone 1. In other words, where the volume of water has 
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percent, the intensity of germicidal energy 
4c peenl reduced to less than 12 percent. | 

p There is no way of avoiding absorption of energy by 
je water or other liquid being irradiated. Proper circula- 
Bf the water overcomes some of the inefficiency of the 
Mesoing static system. Baffles 
hould be avoided if possible for 
chey absorb germicidal energy. 
Where requirements demand im- 
mersion, as highly absorbing liquids 
may oF where efficiency 1s not of 
primary interest, this method can 
be adopted. However, the method 
‘iystrated in Figs. 79 and 87 1s in- 
herently more efficient and avoids 
Mame of the mechanical and elec- 
trical problems of the immersion 
method. ; 

| In Fig. 85 is illustrated a stand- 
‘ard 4-watt germicidal source with 
4 base on one end. This was im- 
mersed about 6 inches in a glass jar 
whose inside surface was coated 
with aluminum by a modern proc- 
ess. The jar contained about one quart of clear water in- 
fected with B. coli in a small amount of suitable nutrient. 
In less than two minutes of exposure the water was prac- 
tically completely sterilized. Rarely were B. coli found 
alive after 2 minutes. In one minute about 97 percent were 
kalled. 7 
__ An 8-watt germicidal source enclosed in an additional 
protecting tube of 974 glass was immersed in a 5-gallon 
glass water-bottle nearly one foot in diameter, which con- 
tained Cleveland tap-water. About 55 percent of the ger- 
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4G-WATT GERMICIDAL LAMP 
Fic. 85. This small unit 
is effective in disinfecting 
water. 
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micidal energy reached the walls to be absorbe 
Obviously this represents an inefficient use of th 
cidal energy. About 99.99 percent of the wa 
B. coli were killed in two minutes. 
method would result in a 


a 4-watt or an 8-watt lamp immersed in water at ordinary 


room temperatures would kill all the water-borne organ. _ 


isms that can be killed by germicidal energy. Certainly 


these glimpses reveal possibilities of individual sterilizers of a 


drinking water in isolated places as well as for other pur- 
poses. ; 


If it is necessary to irradiate the water while flowin 
in the pressure system, many designs are possible. How. 


ever, all require maintenance which is inherently difficult, — 


In small air-pressure systems it might be possible to instal] 
the germicidal source in the space occupied by air under 
high pressure. These tubular germicidal sources will with- 
stand a considerable pressure. However, maintenance and 
renewal are difficult under these circumstances. 

In Fig. 86 a quartz tube is installed with stuffine-boxes 
at both ends. The tubular germicidal source is not under 
pressure and is readily removable. The cylinder containin 
the water flowing under pressure is of small diameter and, 
therefore, in most cases much of the germicidal energy will 
reach the walls to be largely absorbed by them. The device 
is inherently inefficient, but the wattage is so low that it 
may be practicable for relatively small volumes of water. 
Means might be provided to wipe manually or automati- 
cally the walls of the quartz tube that are in contact with 
the water. The remaining parts can readily be maintained. 

Such devices might be practical where skilled mainte- 
nance is available at regular intervals. However, wherever 
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d there, 
€ germi. 
ter-borne — 
Even this inefficient — 
practically complete killing of 
B. coli at a rate of 150 gallons per hour. If small amounts 
of water are to be treated, and plenty of time is available 7 


261 


;sinfecting Water 
vacticable it is best 
sressure system. 


2a 


to irradiate the water outside the 
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he 86. Illustrating a water-disinfecting unit connected to a pressure 
e.. Prem. Difficulties of maintenance are obvious. 


IE RADIATING. THE SURFACE OF WATER 


As has been emphasized, disinfecting water by means 
of germicidal sources in suitable reflectors above the water 
has obvious advantages, including the less obvious greater 
efficiency. Vertical sections of an individual unit are illus- 
trated in Fig. 87. The double-parabolic reflector of alu- 
minum efficiently directs a cross-fire of germicidal energy 
as shown in the cross-section. The walls of the tank can 
be of aluminum in order to take advantage of reflection of 
the energy not absorbed by the water. Stainless steel has a 
much lower reflection-factor. The depth of the tank can 
be such that the vertical depth of the water absorbs most 
of the energy incident upon the surface of the water. The 
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reflector for a single unit can be hinged for conve 


cleaning the interior and replacing the sources. Natural}y_ A er by means of a standard 30-watt germicidal nee: 

the bases of the lamps should be protected from cH a ’ ained in 2 highly efficient reflector close-coupled to 
pes ia OL! ‘ 

moist arc. “7 on 


30-WATT GERMICIDAL LAMP 


ALUMINUM 
REFLECTOR 


STAINLESS Sey cae 


TRANSVERSE CROSS-SECTION 


Fic. 87. A disinfecting unit for water flowing by gravity. A number of 


units can be connected in series or: parallel depending upon require- 
ments. 


In the longitudinal section of Fig. 87, the flow of the 
water 1s indicated. Baffles for mixing the water are not 
indicated inasmuch as they absorb considerable germicidal 
energy. Ihe water is shown rising toward the top in the 
vicinity of the outlet. In F ig. 79 the intensities of germicidal 
energy at the surface and at different levels of the water 
are indicated. Higher intensities than these can be obtained 
by such a design as illustrated in Fig. 86. Actually 1000 
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are attainable at the surface of the 


watts per Sq- ft. 


a e water. 
a ae of water depends upon the exposure 
4 ic and necessary to effect the degree of disinfec- 
4 . ‘-ed. If the intensity is such that 2 minutes 1s sufii- 
: : a he container can be emptied and filled 30 
a a ‘times per hour. Obviously the volume of the 
Be cnultiplied 30 times results in the gallons per hour. 
- the importance of the depth of the water becomes 


1 
ir) 


nite obvious. If the absorption-coefficient of the water is 
a all, the depth can be large. All these factors determine 
he gallons of water that can be disinfected per ss 
source. If twice the amount is needed that can be supplie 
ber one unit similar to Fig. 87, two units can be used in 
parallel or by doubling the rate of water-flow the two units 
\ can be used in series. More can be added in various 
; sombinations to suit the requirements. 

The results indicated in Figs. 81 and 82 were computed 
4 the manner outlined in the preceding paragraph. They 
apply to the conditions specified and only to water-borne 
B. coli or organisms of equivalent susceptibility to germi- 
cidal energy. Doubtless large factors of safety are necessary 
in practice to guard against depreciation of the germicidal 
installation, possible and likely variations in the absorption- 

coefficient of the water, and probable greater resistivity of 
‘some pathogenic organisms. If various fungi and other 
organisms are to be killed, the rate of whatever disinfection 
§ possible is bound to be much less than for B. coli. 
If, for example, one 30-watt germicidal source will 
satisfactorily disinfect only 100 gallons of water per hour, 
(0 sources will take care of 24,000 gallons per 24-hour day. 
[his would supply all the water used daily in a sizable 
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village. This is a large supply for an industrial process. If q 
B. coli are reasonably representative of the organisms to he 
killed, it appears that one 30-watt source might satisfag 
torily disinfect 1000 gallons per hour in some cases, There. 


fore, 10 of these sources would take care of 240,000 gall 
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Fic. 88. A small unit containing a 4-watt or 8-watt germicidal source 
can be connected to the water-supply. Disinfected water can be drawn 


by gravity. 


per day. This would supply all the water used daily in a 
sizable town. These are mere glimpses of the possible mag- 
nitude of applications. However, a factor of safety of at 
least 10 is probably necessary if algae, fungi and protozoa 
are to be killed. : 

In Fig. 88 is illustrated a small enclosed tank connected 
to a water supply and maintained full of water by a float- 
valve. A germicidal source is installed above the water in a 
suitable parabolic reflector with closed ends. Disinfected 
water may be drawn from this tank by gravity. One of 
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infecting Water . 
q ntaining a 4-watt source was installed 3 feet above 
ae al water cooler to which it was properly con- 
ecg ltustraved in Fig. 89. The water flowed by 
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Fic. 89. An application of a germicidal unit to a water-cooler. The 
water reaches the fountain by gravity. A 3-foot head is satisfactory for 
a drinking fountain. 


rs 


gravity from the upper tank to the cooling coils and the 
drinking fountain. The germicidal source may be operated 
continually or automatically for a given period every time 
Water is drawn from the cooler. These are mere glimpses 
into a possible new era of water-disinfection. 
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Fig. 90 illustrates a completely portable batte c 7 


operated device that is practicable. The output of this 
4-watt source is of relatively low germicidal efficj 
Tests showed that most of the B. coli were killed ; 
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Fic. 90. A portable disinfect- 
ing unit for disinfecting small 
quantities of water. 


design for efficiency. It is seen 
Tays shown and by the curvature of the inner surface 
of the irradiation chamber that maximal eficiency would 
be approached for a water with a given a by construct- 
ing such an apparatus of suitable dimensions. The shorter 
tays such as A strike the wall at grazing angles, thereby 
suffering less absorption. The longer rays C are dimin- 
ished to a low intensity before they reach the wall. Such 
rays as B travel a considerable path in water and then 
strike the wall at a large angle of incidence. 
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minute and practically al] of 


them in 2 or 3 minutes, (See a 


In using the quartz men _ 
cury-arce for the disinfection of — 
water, past practice was not _ 
based upon all the principles — 
which would result.in maxima] 7 


REFLECTOR / | ie efficiency. As emphasized in the | 
if /4-watT\ i : 


present work, the first principle — 
is that of absorbing most of the © 
germicidal energy in the water _ 
which is being disinfected, If — 
one wishes to irradiate water _ 
under pressure through a quartz _ 
window Q from a source G — 
outside in a reflector R, Fig, 917m 
illustrates sound fundamental q 


by the length of the different 


qs 
a 
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q ecting Water 
DMMERCIAL SPRING WATERS 
4 spring waters are bottled and sold. Commonly 
4 . cs into a storage tank from which it is drawn 
_ ’ Very generally it is desirable to preserve the 
: a of the water. This limits the use of chemicals. 
nigin 
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CIRCULAR 


a 91. An arrangement for disinfecting water under pressure rom an 
external germicidal source. This design utilizes the energy efficiently by 
several expedients. 


Here is an opportunity to use germicidal energy as insur- 
mice against pathogenic organisms at all times of the year. 
[he water may be irradiated in the storage tank and also by 
means of units such as illustrated in Fig. 87. 

_ Several spring waters investigated were found to have 
absorption-coefficients from 0.03 to 0.055 per inch. These 


ered in Table XXIX. Apparently the range of a among 
spring or socalled mineral waters is about the same as that 
found in waters from large cities. Therefore, the lowest 
rate of disinfection on the basis of B. coli would generally 
be high compared with a flowing spring. If a spring flowed 
100 gallons per hour, one 30-watt unit should provide a 
reasonable factor of safety against pathogenic organisms. 


tank among the more transmitting of the samples consid-- 
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OCEAN WATER 


One might expect ocean water with its long-time : 
Y of 


accumulation of salts to be highly absorbing of ene 
42537. However, measurements indicate that the absorp 


: 


Fic. 92. [lustrating petri dishes exposed to air artificially infected with — 
B. coli before and after the air was irradiated with a dosage of gerini- 


cidal energy sufficient to effect a complete kill. 


tion-coefficients of salt water are within the range found © 
for drinking waters. For example, water taken from Long — 
Island Sound, two miles off Orient Point, had a = 0.09 © 
per cm. and 0.23 per inch. A depth of 10 inches absorbed 
90 percent of the incident energy of 2537. : 


Water taken from East River in New York City had 1 | 
an a = 0.386 per inch. A depth of 8 inches absorbed 90 — 


percent of the incident energy of 42537. 
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o rint 
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ecting Water ane 
a sunlight and skylight contain no energy of maximal 
a sdal effectiveness. As seen in Fig. 34, energy of 
S 4 less than 10 percent as effective as energy of 42537 
cy of 43100 is only about one percent as effective. 
cording to Fig. 15, the intensity of erythemal flux at 
~ carth’s surface at noon in midsummer is less than 20 
atts per sq. cm. Assuming that this energy Is only 
nercent as effective in killing micro-organisms as energy 
2537, it is seen that the germicidal effectiveness of 
son sunlight is of the order of one microwatt per sq. cm. 
t energy of 42537. Skylight contributes considerable en- 
he region of 43000 to A3100 as indicated in Fig. 20. 
that this contribution is equivalent to that of 
jon sunlight, the germicidal effectiveness of energy in 
a spectral band is of the order of 2 microwatts per 


= 
7) it 
Td 


Re 
nu 


g. cm. of energy of 42537. 


_ Even by taking into account the germicidal effective- 


hess of the other wavelengths, it is seen that solar energy 1s 


weak disinfectant compared with modern artificial sources. 
lowever, it operates all day long on clear days even though 


vith far less intensity during the early and late hours of 


aylight. Taking all this into consideration, it is not sur- 
rising, as is shown in Chapter V, that artificial sources of 
rmicidal energy have overwhelmingly challenged the sun 
sr mankind’s artificial purposes. In this connection the 
eader might refer to Figs. 36 and 37. A 360-watt high- 


It appears that the materials such as iron compounds ~ 


which are chiefly responsible for the absorption of germi- 


pressure mercury-arc, at a distance of 3 feet, is as effective 
yermicidally in less than 3 minutes as noon sunlight is in an 
hour. This also means that a standard 30-watt germicidal 


cidal energy do not accumulate in abnormal quantities in q 
ocean water. [hey appear to be more prevalent in some ~ 
river waters. Certainly they are relatively abundant in the © 


water from the concrete cistern as seen in F ig. 76. 


Any appreciable disinfection of water in the ocean ~ 
and elsewhere must take place in the surface layers. Of 


Ource without a reflector and at a distance of 3 feet 1s 20 
imes as effective as average midsummer noon sunlight in 
he killing of micro-organisms. A comparison of the germi- 


idal effectiveness of these two artificial sources is presented 


a Table XVIIL 


Chapter X 


Artiticial Sunlight 


IN THE strictest sense, artificial sunlight should have the 
same spectral distribution of energy as that of natural sun- 
light on a clear day. But natural sunlight varies greatly 
during the day, even on cloudless days, and throughout 
the year. Therefore, for certain purposes it may be neces- 
sary to establish a standardized sunlight by averaging the 
measurements of energy of various wavelengths which 
have been made on many days. For some purposes there 
are sound reasons for standardizing natural sunlight for the 
midday hours on clear days during midsummer. Generally 
the practical uses of artificial sunlight* will dictate the 
requirements as to intensity and spectral distribution of 
energy. There are many applications in therapy which aim 
to cure diseases or to rectify disorders. In such cases the 


intensity of the curative energy is often far greater than 


in natural sunlight. Other therapeutic applications aim only 
to prevent diseases or disorders by helping to maintain the 
health of healthy or near-healthy human beings. In such 
cases the effective energy may be relatively weak. ‘The cure 
of diseases is the province of the medical profession, and 
there are many applications of ultraviolet energy, artificial 
sunlight and infrared energy in this field. On the other 
hand, the preservation of health or the prevention of dis- 
eases or disorders can be practiced by anyone with any 
suitable means employed in any approved manner. Many 
products and practices are continually contributing to 
human welfare. Ultraviolet energy can serve extensively in 


this respect. 
270 


Pirate X. For nearly a score of years the downward component of 
this fixture has supplied artificial sunlight from an S-1 sunlamp. The 
portable lamp is also a sunlamp suitable for reading and other seeing 
tasks. This dual-purpose lighting supplies biologically-beneficial ultra- 
violet energy while occupants are engaged in daily tasks. Now it can 
be supplied with fluorescent sunlamps. 
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 Sunlamps are available for use by the medical profes- 
‘gion and by anyone else. The term sunlamp 1s generally 
‘restricted to sources and equipment whose output of radi- 
"ant energy is limited in spectral range to that of natural 
sunlight. They should emit no significant amount of radiant 
"energy shorter than A2800. They should supply a reasona- 
ple amount of erythemal energy which is a rough indication 
of their therapeutic value. Other sources of radiant energy 
"gre available which supply ultraviolet energy of wave- 
" Jengths beyond the short-wave limit of the solar spectrum. 
~ Such sources have long been used in a variety of therapeu- 
tic applications including the treatment of skin diseases and 
the killing of germs. However, for the latter purpose the 
new germicidal sources—low-pressure mercury-arcs—are 
far more efficient. There is an extensive demand and use for 
artificial sunlight for tanning of human skin. This is largely 
an esthetic or cosmetic matter, but while acquiring a tan 
certain health benefits are obtained. As seen in Chapter II, 
the most suitable energy for tanning is that of longer wave- 
lengths than the most effective energy in the production of 
erythema or sunburn. 

There are many uses of artificial sunlight for the 
testing of materials. For many years colored materials have 
been submitted to fading tests. The artificial sources used 
have generally supplied considerable ultraviolet energy, but 
the entire spectral range of natural sunlight generally is not 
closely duplicated. If it is adequately proved that a given 
source produces fading approximately as natural sunlight 
does, this specialized application is justifiable. However, 
such proof is difficult to obtain and, therefore, there are 
many real needs for an intense artificial sunlight approxi- 
mating the spectral distribution of natural sunlight through 
the ultraviolet, visible and infrared regions. On the other 
hand, sunlight and skylight outdoors vary considerably in 
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spectral character so that it does not appear necessary to 
sacrifice too much in intensity and practicability by un- 
necessary refinement in spectral character. Long experience 
with various aspects of the problem leads inevitably to such 
a conclusion in practice. | 

Thus it is seen that the term artificial sunlight 1s not 
fixed in meaning. Strictly it means artificial radiant energy 
of the same intensity and spectral character as natural sun- 
light. In practice, it usually implies adequate ultraviolet 
energy from 42900 to 43600 as determined by erythemal 
and antirachitic effectiveness. By extension it could include 
sources which also emit ultraviolet energy of shorter wave- 
lengths than exists in natural sunlight, provided an overall 
effect of such a source is comparable to that of the sun. 
(See Plate XVI.) 

The term artificial sunlight also implies that natural 
sunlight produces certain effects that natural daylight does 
not. The author and his colleagues, as shown in Chapter I], 


have found natural skylight to be comparable to natural © ’ 


sunlight in the amount of short-wave ultraviolet energy 
supplied to the earth’s surface. Therefore, natural skylight 
is both erythemal and antirachitic. It is also potent in other 
ways in which natural sunlight is effective. 

The term natural daylight is commonly applied to 
light or visible energy supplied by both the sun and sky. 
Thus this meaning is fairly definite even though natural 
daylight varies considerably in color and spectral character. 
It may also be applied to both visible and invisible energy 
from the sun and sky. For example, artificial daylight for 
fading materials includes the ultraviolet energy as well as 
the visible energy reaching the earth as sunlight and as 
skylight, which, of course, is sunlight that is scattered 
selectively by the atmosphere. 


"artificial Sunlight 


js C10 eeu 
ultraviolet energy that is biologically effective. The tech- 


: RYTHEMAL AND ANTIRACHITIC EFFECTIVENESS 


The prevention and cure of rickets, apparently due to 


j the direct production of Vitamin D in the fatty substances, 


phasized here as an indication of the spectral range of 


nique of detecting and appraising this effect of ultraviolet 


: energy is well established. Other beneficial physiological 
effects are known, but the techniques of appraisal are not 
7 well developed. Therefore, we have come to rely upon 


antirachitic values as a rough measure of biologic value in 

eneral. The next practical step is to use erythemal effec- 
tiveness as a rough indication of biological effectiveness. 
In any event, erythemal effects must be considered in 
exposing human beings to biologically-effective ultraviolet 
energy. 

The relationship between erythemal and antirachitic 
effectiveness is not well established, but it is known that 
radiant energy which produces erythema of the skin also 
cures and prevents rickets. At least this is true for the 


q spectral range from 42500 to 3200. Inasmuch as the spec- 


tral erythemal effectiveness of ultraviolet energy has been 
fairly well determined, and erythema is relatively easy to 
produce and measure, erythemal effectiveness of ultraviolet 
energy is conveniently used as a rough indication of anti- 
rachitic effectiveness. In fact, it is also a rough indication 
of other effects of ultraviolet energy of a spectral range 


_ from at least 42500 to 43200. 


Hess, who pioneered in the study of the prevention 
and cure of rickets by means of ultraviolet energy, and 
Anderson ” exposed two groups of rachitic rats, respec- 
tively, to ultraviolet energy of two spectral ranges. Those 
exposed to energy from 2500 to 2800 were cured as 
readily as those exposed to energy from 42900 to 3660. 


artificial sources. 


TABLE XXX] 


White Human Skin 


Wavelength Relative Effectiveness 
(Angstroms)  Erythemal — Antirachitic 
3022 50 46 
2967 100 100 
2804 6 70 
2652 30 64. 


2537 


minimum perceptible erythema (MPE) on average un- 
tanned white skin. Owing to the lesser penetration of the 
skin by the energy of shorter wavelength, one might expect 
the antirachitic effectiveness of 42537 to be less than that 
of 42967. 

In ‘Table XXXI the relative erythemal effectiveness 
of ultraviolet energy as obtained by Luckiesh and Taylor 
for an MPE on average untanned white skin is compared 
with Bunker’s results of relative healing effect on rachitic 
rats. It 1s seen that the relation holds fairly well for 42537 
and 42967, but not for the wavelengths between these two. 
Incidentally, as seen in Fig. 28, the average of the results of 
various investigators indicates the erythemal effectiveness 
of 42537 1s about 55 percent of that of 42967. However, 
the results were obtained by different techniques so that it 
is questionable that the average of the results has a definite 
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The latter energy is present in natural sunlight and sky. 
light, but the former energy is only available from some _ 


Bunker ™ found energy of 42537 to be about 54 percens 
as effective in inducing healing in rachitic rats as energy of 
42967. Luckiesh and Taylor ** found energy of 42537 about 
80 percent as effective as energy of A2967 in producing q 


The Relative Antirachitic Effectiveness of Energy of Various Wavelengths ag 
Determined by Bunker with Rats, Compared with the Relative Erythema] 
Effectiveness as Determined by Luckiesh and Taylor for Average Untanneg 


Jeng ths. 


f 
¥ 


" for the primary purpose of killing organisms pathogenic to 
poultry appear to have yielded additional beneficial results 
_ by way of antirachitic effectiveness. In other words, they 
seem to have produced effects similar to those achieved by 
feeding Vitamin D. 
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7 ‘ng. It should be emphasized that there are great diffh- 
ies PPalved in obtaining such data, and particularly the 
% hie antirachitic effectiveness of energy of various wave- 
Therefore, the data presented in Table XXXI are 
to be considered only as a rough but interesting comparison. 
Knudson and Benford ™ irradiated rachitic rats at a 
‘distance of 3 feet from a [ype S-1 sunlamp in a reflector, 
‘4 bare 15-watt germicidal source (low-pressure mercury- 
“arc)s and a fluorescent or F sunlamp (with E phosphor). 
‘They found that the durations of the exposure for a given 
degree of healing for these sources were, respectively, 5 0, 
0 and 140 minutes. Here again the antirachitic effective- 


rel 


‘ness of the energy from these sources is roughly propor- 


i 
y 


“tional to the erythemal effectiveness. 


Bi, 
is 


Experiments with germicidal sources in poultry houses 


These are mere glimpses of a vast amount of available 


data which reveal the beneficial effects of ultraviolet en- 


ergy. Comprehensive treatises have been published by 
Laurens,” Duggar,® and Mayer,* which include many details 
of the effects of ultraviolet energy. Obviously, in the use 
of antirachitic energy one cannot eliminate erythemal en- 
ergy for their spectral regions are coincident for the most 


part. For this reason, biologists, physiologists, pediatricians, 


and others who apply this energy have appraised their 
dosages in terms of the degree of erythema produced. Little 
or no thought was given to the effect of sub-erythemal 
dosages which, as discussed later, are effective in the gen- 
eral conservation of health and in the prevention and cure 
of specific diseases and disorders. 
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E-VITONS EMITTED BY VARIOUS SOURCES 


As discussed in early chapters, the term E-viton is q 
unit of erythemal flux. It weights radiant energy of various 
wavelengths according to its effectiveness in producin 
erythema on average untanned human white skin. The 
E-viton is analogous to the lumen which weights radiant 
energy of various wavelengths according to its ability to 
produce the sensation of brightness. Sources of ultraviolet 
energy may be rated in E-vitons output just as sources of 
light are rated in lumens output. An E-viton is equal to 10 
microwatts of erythemal flux. This means that an E-viton 
is equivalent to 10 microwatts of monochromatic energy 
(about 42967) of maximal erythemal effectiveness, or to 
10 microwatts of heterogeneous energy after its compo- 
nents are weighted according to their respective erythemal 
effectiveness. Erythemal flux means ultraviolet radiant flux 
that has been properly weighted in accordance with its 
ability to produce erythema on average untanned skin. 

The output of ultraviolet energy from most of the 


with high accuracy, for it is affected by a number of factors 
which vary from lamp to lamp. However, if the spectral 
distribution of energy is known, the energy of various 
wavelengths can be weighted according to its erythemal 
effectiveness as presented in Table X or F ig. 30... Ta 
Table XXXII the outputs in E-vitons are presented for 
various sources with the understanding that these are 
approximate average values at the present time. 

Our experience indicates that an exposure of 25 to 50 
F-viton-minutes per sq. cm. will generally produce a 
minimum perceptible erythema MPE on untanned areas of 
white skin that are commonly exposed in the summer. 
About 40 E-viton-minutes per sq. cm. is a fairly satisfactory 


more powerful sources that are available cannot be stated — 
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4g ° e e f 
| e, This means 400 microwatt-minutes per sq. cm. 0 

: Sey of 42967 or equivalent erythemally weighted het- 
| a eneous energy. On the inner skin of the upper arm an 
MPE dosage is commonly about one-fifth of the foregoing 


values. As seen in Chapter II, an exposure of average un- 


TABLE XXXII 


oximate Erythemal Flux or E-Vitons Emitted by Various Sources of 
J Ultraviolet Energy — 


App 


Output in E-Vitons 


Source Glass Watts Total Per Watt 
eee e eee 776 400 68,000 170 
ae 776 100 50,000 500 
ee 776 100 25,000 250 
| ns 776 275 25,000 90 


Germicidal ee 
Pe car 9,741 4 33,500 —8, 
ee 9.741 g 34000 10,500 
a 9,741 15 160,000 10,700 
ee 9,741 30 400,000 13,300 
Sas me 1,000 1,000,000 1,000 
6 as Guat: , 1000 3,500,000 3,500 
EF lamps 
cnc. ie ee 89 Gor 40 100,000 2,500 
ee 9,821 20 45,000 2,250 
-fil t CX lamps 
S35? oo Saher : Corex D 500 2,000 4 


tanned skin for about 20 minutes to noon sunlight on a 
clear day in June produces an MPE. ‘This means that the 
intensity of erythemal flux is about 20 microwatts per 
sq. cm. or 2 E-vitons per sq. cm. ; 
For reasonable exposures to the sunlamps listed in 
Table XXXII, the eyes need no protection. Ordinary glass 
affords protection against the short-wave energy emitted 
by the germicidal sources. Dark goggles are advisable if 
one is close to the AH-6 lamps, owing to their high intrin- 
sic brightness. As illustrated in Fig. 9, the actual source of 
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energy in the AH-6 lamp is mercury vapor under high 


pressure in a quartz capillary tube. This 1s surrounded } 


an envelope of special glass or quartz through which wate, 7 
is circulated for cooling the capillary tube. In this Case 
much of the infrared energy is absorbed by the water ang — 
is not radiated into the surrounding space. These lamp, — 
may be operated without the water jacket if a blast of ai 


is used to cool the capillary tubes. 


The fluorescent or F sunlamp is basically a fluorescent — 
lamp with a tube of special glass coated inside with an RF 
(erythemal) phosphor instead of the luminescent phos. — 
phors used for the production of light. The E phosphor jg 
excited by the energy of 42537, which is emitted in abun. ~ 
dance by the mercury vapor at very low pressure, and it — 
emits radiant energy of longer wavelengths, corresponding ~ 


to those in the short-wave region of the solar spectrum, 


It can be made in the same wattages as fluorescent lamps 7 
for lighting purposes. As the wattage increases, the length ~ 


and area of the glass tube increase. Obviously, this means 
an increase in the area of the E phosphor with a resultin 
increase in the erythemal flux emitted. Such factors as the 


thickness of the E phosphor and the composition and thick- 7 


ness of the special glass also determine the output of ery- 
themal flux and the short-wave spectral limit of the emitted 
energy. For general use, no significant amount of energy 
of wavelengths shorter than A2800 should be emitted. In 


fact, this is an important characteristic of a source or an — 


equipment which may be termed a sunlamp. 

The tungsten-filament CX lamps have bulbs of special 
ultraviolet-transmitting glass. The output of erythemal 
flux is comparatively small compared with that of the other 
types of sources. However, it is sufficient to produce 
erythema and a moderate tan of human skin and to prevent 
and cure rickets in chickens and babies. 


w 
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If we assume that an exposure of 40 E-viton-minutes 
z sq: cm. or 400 microwatt-minutes per sq. cm. produces 
P parely perceptible erythema or MPE on average untanned 


¥ in, it is easy to determine either the intensity of erythe- 
SKIN s : i i 
sal flux oF duration of exposure if the value of one is 


TABLE XXXIII 


4 roximate Duration of Exposure to Produce a Minimum Perceptible Ery- 
ie a MPE on Average Untanned Skin by Average Midday Midsummer 
a salient and by Various Artificial Sources in Efficient Reflectors at a Distance 
ou of 24 Inches from the Skin 


Minutes 


Summer sunlight 

Type S-1, 400-watt 

Type S-4, 100-watt 

Type RS-4, 100-watt 

Type RS, 275-watt 

esunlaiap. 40-Wattie rs ts sibs ciegteaieivete 
Quartz mercury-arc, 360-watt 
Sunshine carbon arc, 6 mm 
Tungsten CX, 500-watt 
Germicidal, 4-watt 

Germicidal, 8-watt 

Germicidal, 15-watt 

Germicidal, 30-watt 

Type AH-6, 774 glass, 1000-watt 
Type AH-6, quartz, 1000-watt 


) known. For local use of a given sunlamp, the intensity of 


: erythemal flux on the skin decreases rapidly with the dis- 


» tance from the source. Some values are presented in Table 
| XXXIII for various sunlamps at a distance of 24 inches 
_ from the skin compared with average midsummer midday 


sunlight plus some skylight. ‘The artificial sources are as- 
sumed to be used in efficient aluminum reflectors. The 
teflector is an inherent part of the RS-4 sunlamp. Germi- 
cidal sources are not sunlamps in the accepted sense, but 


they can be used by protecting the eyes with glasses. This 
-1Salso true of the quartz mercury-arcs. 


f 
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The values in Table XXXIII are to be considered 
approximate averages for average normal untanned areag of 
skin which are commonly exposed outdoors in summer, 
Incidentally, the susceptibility of apparently average nor. 
mal skins commonly varies over a range of 1 to 2, but many 
skins are outside this range. We have tested the reciprocity 
law over a range of 1 to 16 and found it to hold. Doubtless 


it fails at extreme limits, but it is practicable and ae ; 


to express the relationship between intensity E and time 
as Et = k = dosage or exposure. 


For 0.1 MPE 

k = 4 E-viton-minutes per sq. cm. 
For a minimum perceptible erythema, MPE 

= 40 E-viton-minutes per sq. cm. 

For a vivid erythema 

k = 100 E-viton-minutes per sq. cm. 
For a painful burn 

k = 200 E-viton-minutes per sq. cm. 
For blistering 

k = 400 E-viton-minutes per sq. cm. 


For areas of skin which are not commonly exposed, such. | 
as the inner skin of the upper arm, the values of & are com= : 


monly one-fifth of the foregoing or even less. 


It is well known that the skin of some persons is much, | 
less resistant than average normal skins. For those persons, 7 
the value of k is appreciably less than for the average of 1 
most persons. They may develop a vivid erythema from 
an exposure which ordinarily develops an MPE. For long” 
exposures to erythemal flux, equivalent dosages from 0.1 
MPE to 1 MPE apparently are sufficient for conservation 
of health. Therefore, it is practicable to supply erythemal 
energy over areas occupied by human beings so that less © 
than an MPE dosage is received in 8 or 10 hours. In other © 
words, such a dosage should not produce more than a vivid q 
erythema on the more sensitive skins. These comments do 
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“nply to those relatively few “pathological” skins 
A Bee adversely affected by natural daylight outdoors. 


pIANT ENERGY FROM VARIOUS SOURCES 


There is increasing interest in applications of ultra- 
Jet energy for various purposes. Therefore, the total 
jiant flux emitted in various spectral bands by various 
arces is helpful in designing installations. In Table IV 

hh data are presented for the energy reaching a horizontal 
sne outdoors during midday on typical clear days in 
;dsummer. In Table XIII, the ultraviolet energy emitted 
certain spectral bands is presented for noon sunlight, 

e 360-watt quartz mercury-arc, Type H-6, S-1, and S-4 
inlamps. In Table XVII is presented the spectral distribu- 
n of energy emitted by the quartz mercury-arc, and in 
able XXVIII this source is compared with the germicidal 
ww-pressure mercury-arc. In Table XXXIV a summary of 
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: a obtained by Forsythe, Adams and Barnes™ is pre- 


ented. The ultraviolet spectrum is divided into three parts 
r various needs, and the infrared spectrum is divided into 
; 70 parts. Water and flesh transmit the near infrared, 


17600 to 14,000, fairly well. The visible spectrum from 


* to 47600 is considered as a single band. 

It is evident that electrically excited mercury vapor 
s been promoted recently to a prominent role in the 

BB iction of light and ultraviolet energy. For a long time 

he — mercury-are and quartz mercury-arcs 
ere specialties, but they aided in the preliminaries which 

sd to greatly increased use of mercury vapor. The Cooper- 


Flewitt lamp operates at a rather low vapor pressure of 


bout 0.0003 atmosphere. Modern fluorescent lamps and 
ermicidal sources are of the extreme low-pressure type. 

he familiar quartz mercury-arc operates at a vapor 
ressure of about one atmosphere. (See Plate XVI.) 


ae 
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The 400-watt AH-1 mercury lamp operates at a vapor 
pressure of about 1.2 atmospheres. The mercury-arc is con- 
tained in an inner bulb which is enclosed in an outer bulb 
to maintain the mercury vapor at a proper temperature, 


TABLE XXXIV 


Watts Radiated in Various Spectral Regions by Various Sources of Radiant 
Energy 


Watts Radiated in Various Spectral Regions 
2,800 3,165 3,800 . 7,600 14,000 


Waits Total Below to to to to to 
Source Input Lumens 2,800 3,165 3,800 7,000 14,000 26,000 
7s Eh Ree mane nie ee 400 16,000 0 0.001 4.3 44 21.9 26.9 
Ta es soe ote her aes 100 3,000 0 +7003 2.3 12% 5 61.1 10.8 
AH-6, quartz.......... 1,000 6700042721. 0: 87 124 377 93 pie eS 
Ys G2 Sa CS 3,000 120,000 0 0 22 SOS Ph cee Ae 
Sunlamps 
Sele ois ee clone einens 400 7,200 OLOL 297 5.0 45 86 85 
Sea Re as 100 3,000 0.01 0.9 326 12 6 11 
1 ERE eae A eR 100 2,900 0.01 - 1.6 353 Miah ache Sauter gehen 
Fluorescent......... 40 200 O08: *3'1 C2 BL SE Saar 
Fluorescent lamps 
40-watt, 3,500° K.... 40 2,100 0 0.015 0.1 23 0.07.2 onil 
40-watt, 6,500° K.... 40 1,800 0 0.02 0.3 (ie) 0205": ni 
100-watt, 3,500° K... 100 4,200 0 0.03 G.2 14.6 0.14 nil 
100-watt, 6,500°K... 100 3,700 0 0.04 0.7 1525 0.10 nil 
Tungsten-filament lamps 
40-watt, 2,500°K.... 40 465 0 0 0.015 DUS. Lose 11 
100-watt, 2,750° K... 100 1,600 0 0 0.06 9.9 36.0 29 
500-watt, 2,950°K... 500 9,850 0 0.01 0.53 60 205 155 
1,000-watt, 3,000° K.. 1,000 21,000 0 0.04 1504. 125 410 330 
Germicidal sources 
S-Watt See ae 8 2G: 125 0.03 0.03 0.14 nil nil 
15-watt, eee 15 53 2.9 0.06 0.05 0:26.) nil nil 
SO-Watt een coins 30 132 43 0.16 0.13 0.65 nil nil 


The 100-watt AH-4 mercury lamp operates in an inner 
tube of quartz at a vapor pressure of about 8 atmospheres. 
It contains an outer envelope of glass. This lamp provides 
the basis of the S-4 sunlamp which contains an outer 
envelope of special glass witha short-wave cut-off at 
‘42800. ‘The RS sunlamp has a filament ballast and is self- 
contained so that it can be used in any ordinary socket on 
a lighting circuit. 

Pioneering work on really high-pressure mercury-arcs 
has been done by C. Bol.”* The mercury is confined in a 
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ing the vapor pres- 

tz capillary tube and when operating t Pp 
a is a atmospheres in the AH-6 lamp. ‘The water- 
ooled AH-6 lamp is illustrated in Fig. 9. A cluster of them, 
‘lustrated in Fig. 93, provides an extremely powerful source 


igh- -cooled mercury-arcs. An 
, 93. A cluster of high-pressure water-cooled | 
fdividusl quartz capillary tube is illustrated at the right. 


of light and of ultraviolet energy. The extent of the latter 
spectrum depends upon the composition of the outer flow- 
tube in the water-cooled type. It may be of quartz, pyrex 
or other special glass. ‘The AH-6 lamp 1s also used without 
the outer envelope in which case the quartz capillary 
mercury-tube is cooled with a blast of air. 

As the vapor pressure is increased, a continuous spec- 
trum develops and the typical line-spectrum of mercury 1s 
gradually submerged. This is illustrated in Fig. 94 for four 
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different vapor pressures namely: 54, 102, 197 and 319 
atmospheres. Bol has operated such a source in the labora- 
tory at pressures up to 1000 atmospheres by surrounding 


PER ANGSTROM PER STERADIAN 


WATTS 


0 
3000 4000 6000 7000 3000 4000 S000 6000 7000 


WAVELENGTH IN ANGSTROMS 


5000 


Fic. 94. Illustrating the effect of the mercury-vapor pressure on the 
spectral distribution of the energy emitted, A, 54 atmospheres; B, 102; 
C, 197; and D, 319 atmospheres, 


the capillary quartz tube with water at very high pressures. 
Whether the higher pressures become practicable is a 
matter of future development. The spectral distribution of 
energy emitted by the AH-6 water-cooled lamp at the 
present time approximates that in B Fig. 94. 

It is obvious that the variety of sources available makes 
possible various kinds and intensities of artificial sunlight 
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iety of present and future applications. Purely 
a I a nceds aie be met with standard sunlamps or with 
ul equipment using the more powerful sources to pro- 
Pie very high intensities of energy. Large areas may be 
4 lied with adequate artificial light supplemented natn 
BP priate intensities of ultraviolet energy for health. 
ther areas may be provided with intensities of light and 
radiant energy simulating sunlight. These possibilities . 
so new and varied that only glimpses of them are presente 
in this book. However, adequate data and principles A 
available for designing artificial sunlight specifically for 


any purpose. | 
A POWERFUL IRRADIATION CHAMBER 


An example of the present possibilities in ee 
extremely powerful and controllable cer) peers : or 
local applications is an irradiation chamber uilt is) 
specific purpose. However, such equipment has ry s , 
sibilities in therapy and other fields. Water-coole = 
mercury lamps are used which have the decided pee 
of having much of the infrared energy carried 2 y the 
circulating water. Major details are illustrated in the bi 
cal sections of Fig. 95. ‘The end-view reveals two parabolic 
sections with AH-6 lamps installed in the longitudinal eri 
Four lamps are installed in the upper section and twoint ; 
lower one. Near these sources S the inner wall is lined wit 
aluminum R which efficiently reflects visible and gg 
energy. [he other areas of the interior are eens ” a 
highly reflecting aluminum paint P. The — * is. one 
enough to admit an adult person on a stretcher, ave 
minimum of supporting straps so as to interfere as little as 
possible with the radiant energy from below. The lower 

ortion, containing transformers, relays, etc., 1s enclosed 
with perforated metal panels. 
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The intensity of illumination at the center of the 
chamber is about 25,000 footcandles. An appreciation of 
this magnitude is obtained by comparing it with the inten- 
sity of illumination outdoors at noon on clear days in 
summer, which is about 9000 footcandles. Naked human 


beings can be exposed without discomfort to this extremely 


comm et me oC eomnmeee, cone 


S#1000- WATT AH-6 WATERCOOLED MERCURY LAMP ! 


R-SPECIAL ALUMINUM 


H 
P-SELECTED ALUMINUM PAINT 


Pee ieteethteht SAFE ALL ITE T 4 


Fic. 95. Diagrammatic vertical sections of a powerful irradiation cham- 


ber containing six AH-6 quartz high-pressure mercury-arcs with pyrex 
flow-tubes for circulating water. 


high intensity of illumination. The light derives its “cool- 
ness” from both the high luminous efficiency of the sources, 
about 65 lumens per watt, and the dissipation of more than 
two-thirds of the radiant energy in the flowing water 
which is used to cool the sources. The resultant light is 
more than twice as cool as sunlight for equal footcandles. 
In the irradiation chamber a flow of water approximating 
two gallons per minute is sufficient for cooling the six 
lamps. 

Each lamp in the chamber is controlled by a switch on 
the outside front panel so that any desired number of lamps 
may be used. The automatic control-system is such that the 
lamps do not receive any energy until water is flowing in 
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he cooling system. Also if a lamp fails during operation, 
che lamps are automatically switched off and the flow 
a 
’ ps with outer jackets or flow-tubes of heat-resist- 
‘ng 774 glass are used in this case so that the emitted radiant 
ey is confined to the spectral range of sunlight. The 
Pent of the spectrum can be controlled by cylindrical 
filters of glass of various spectral transmission characteris- 
tics. Some of these could be slipped over the preter 
Smaller cylindrical filters can be slipped vated the sae 
quartz capillary tube which contains the actua repli: ‘i 
radiant energy. In this location the filter is inside t , quar 
flow-tube and is cooled by the flowing water. This stage 
was found to be necessary when using a Corning 5 : 
heat-resisting red-purple ultraviolet-transmitting glass tube 
which absorbs nearly all the visible energy and paren | 
the long-wave or near-ultraviolet energy. The He: 
water cools this special inner filter and removes a muc 
larger percentage of radiant energy than when a _ 
filter is used. Therefore, extremely high intensities o ib 
wave ultraviolet energy can be obtained with relatively 
little heating effect upon the subject. 

Various filters can be used, depending upon the pur- 
pose. Spectrograms showing the spectral extent of oe 
transmissions and actually made in the chamber are ilus- 


trated in Fig. 96 for certain filters and combinations listed 


in Table XXXV. It will be noted that no significant energy 


beyond the short-wave limit of the solar spectrum is trans- 
mitted by any of the filters. In Table XXXV the ane 
intensities of energy were measured on a horizontal plane 
about seven inches above the stretcher or central plane of 
the chamber with the various filters in place as indicated. 
The filters were obtained from the Corning Glass Works 
and bear the supplier’s identifications. 
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It is seen that when no filters are used and all] Six 
sources are operating, average untanned skin receives an 
MPE dosage in about 1.5 minutes. However, a naked 
person is exposing areas of skin that are not commonly 


EM OO oO > 


ANGSTROMS 


Fic. 96. Spectrograms made in the irradiatic : 
; f ation chamber (Fig. 95) wi 
various filters and combinations as identified in Table a ey. ae 


exposed and some of these areas are less resistant to erythe- 
mal flux. Therefore, the time required to provide an MPE 
dosage is less than that given in Table XXXV for some 
areas of skin. ‘The intensities of erythemal flux in the fifth 
column are expressed in microwatts per sq. cm. of energy 
equivalent to 42967 in the production of erythema. 

When inner filter 587 and outer filter 172 AJ are used 
simultaneously, an average naked human subject could 
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remain in the chamber with no discomfort for an hour or 
hwo without receiving much of an erythema on the ten- 
derest skin. With the inner filter 587 and no outer filter, 
the short-wave limit of emitted energy is extended some- 
what. This results in a great increase in erythemal effect, 
but very little change in radiant heat or heating effect. In 


TABLE XXXV 


Intensities of Ultraviolet Energy and Erythemal Flux Obtained in an Irradia- 
tion Chamber with Six AH-6 Mercury Lamps with Pyrex Flow-Tubes and 
Various Filters 


Microwatts per Sq. Cm. Minutes 
Filter Approximate _Erythemal for 
Fig. 96 Outer Inner 3,600 to XZ,000 Flux MPE 
A 587 172 AJ 1,600 1.6 250 
‘pe 587 None 2,500 TS 23 
C None Tae 5,700 2th 165 
D None 172 AJ 7,200 18:5 22 
E None 774 Pyrex 9,200 110 4 
F None None 10,600 240 1-2 
Summer sunlight 2,500 20 15-20 


these cases the emitted energy is almost entirely confined to 
the ultraviolet spectral region. When the inner filters are 
in use on all six sources, both the light and heat are greatly 
reduced. Under these conditions the six sources radiate 
approximately 400 watts into the chamber and it is not 
necessary to operate the ventilating fan which is installed 
in the rear end as illustrated in Fig. 95. When the inner 
filters are not used, about 2300 watts are radiated into the 
chamber by the six sources. Under this condition the ven- 
tilating fan makes the environment comfortable for human 
subjects. 

From the comments and data presented, it 1s seen that 
extensive control of great intensities of ultraviolet, visible 
and infrared radiant energy is possible. The maximum in- 
tensity of visible energy is about 3 times that of the best 
June sunlight, and can be obtained with or without ery- 
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thema and without undue discomfort to a human subject, 
The erythemal effectiveness varies throughout a wide 
range, and the maximum is about 10 times that of the best 
. Summer sunlight. Tanning can be obtained with moderate 
erythema. The powerfulness and flexibility of control are 
ideal for physiological researches and therapeutic applica. 
tions in the realm of radiant energy. Obviously such 4 
chamber can be variously modified for other investigations 
of many other processes and for the testing of materials, [t 
Tepresents one of the outstanding challenges of the sun and 
it should challenge those interested in the effects of radiant 
energy in many specific fields. Nothing comparable in in- 


tensity, controllability and convenience has been available 
heretofore. 


SIMULATING OUTDOOR DAYLIGHT 


When one is asked to recommend artificial sources of 
radiant energy in order to simulate outdoor sunlight, he 
finds adequate data available for combining various sources, 
if necessary, to meet the requirements. However, several 
questions arise as to the basis of the requirements. Wh 
should noon sunlight on a clear day be considered basic? 
Shall skylight with its abundance of erythemal and anti- 
rachitic energy be ignored? If not, the problem becomes 
one of simulating outdoor daylight; but this varies greatly 
with latitude and throughout the day and year. The inten- 
sity of visible energy, as measured in lumens per square 
foot (footcandles), obviously varies with the seasons. The 
intensity of erythemal energy, measured in E-vitons per 
sq. cm., is even more variable with the seasons. Viewed 
spectrally, daily, seasonally and geographically, outdoor 
daylight is so variable that it is difficult to decide upon 
overall averages. In any case, the spectrum of artificial 
sunlight or daylight must not extend significantly beyond 
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47900, the approximate short-wave limit of the solar 
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In Fig. 24 it is seen that from a 6-year ana 

d, the total erythemally-effective ultraviolet energy 
Bc ‘ber is about one percent of the total for the year. 
month of January contributes less than 2 percent of 
_ Eo. total. On the other hand, the two months of June 
B jaly contribute a third of the total for the entire year. 
an 


is di een summer and winter 1s 
Of course, this difference betw 


rtly accounted for by the difference in the daily dura- 
4 4 daylight. However, on making allowances for this 
i. average intensity of erythemal energy at the earth S 
rface is about 10 times greater in midsummer than in 
canter for much of the area of the United States. 
a During midsummer the intensity of visible energy, 
measured in footcandles, is only about twice as ee - a 
midwinter. The maximum intensity of sunlight opr een 
light on a horizontal surface is in the neighborhoo : on 
footcandles. An average during the daylight saga or 
entire year is in the neighborhood of 2000 footcandles. = 
From Chapter II it is seen that a fairly agro : 
daily average of erythemal dosage at the earth s surface : 
g E-viton-hours per sq. cm. Assuming a daily ~— 
12 hours of daylight, this amounts to an average — 
40 E-viton-minutes per sq. cm. for each hour. In er 
words, a fair average dosage at the earth’s surface is about 
one MPE each hour for average untanned skin. As ah 
later, one-tenth of this value ne : = ya effective daily 
he prevention and cure of rickets. 
a . of energy of various spectral ranges in 
any case will be determined by the so De 
beings like midsummer sunlight when lying on ri res , 
for restricted periods. They like it for playing golf and to 


other outdoor recreation. They would scarcely choose to 
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live and work all day under such an intensity as outdoor 
noon sunlight on a clear day in June. At least they would 
prefer the daily average to the daily maximum. If human 
beings are not involved, it is quite justifiable to simulate 
intense sunlight or daylight throughout the ultraviolet, 
visible and infrared regions, by combining various sources. 
Combinations of equal numbers of 500-watt tungsten- 
filament lamps and 1000-watt water-cooled AH-6 lamps 
with pyrex flow-tubes can simulate summer sunlight fairly 
well in spectral character at any intensity. Such an installa- 
tion averaging 100 watts per sq. ft. of area provides an 
Intense artificial sunlight. 
Combinations can be built on a basis of 40-watt or 
100-watt F lamps by adding some AH-9 lamps, more 
tungsten-filament lamps and supplying the erythemal en- 
ergy by means of RS sunlamps or F sunlamps. The latter 
are basically fluorescent lamps coated with the E phosphor 
instead of the ordinary luminous phosphors. 

‘There being no standardized requirements, it appears 
futile to discuss combinations. These can readily be deter- 
mined for a given need. However, where human beings 
are involved for long periods at their daily activities, the 
problem becomes specific. Indoors they might well have 
whatever benefits there are in outdoor sunlight or daylight. 
For more than three decades the author has had as one of 
his objectives the simultaneous supply of radiant energy 
for health and light for seeing. Such applications from the 
viewpoint of human welfare are discussed later. Their 


practicability is based largely upon the effectiveness of 
sub-erythemal dosages. 


SUB-ERYTHEMAL DOSAGES 


Many years ago when it appeared that the development 


of artificial sources of ultraviolet energy was approaching 
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e of general application of cas en. eer 
E aa energy, the author initiated investigations of the 
2 ey of thane dosages of biologically-effective 
let energy. There appeared to be no reason why 
es fied to be exposed sufficiently to develop an ery- 
a rder to achieve antirachitic results. ‘The produc- 
ae S irainin D appeared to be a matter of sufficient 
oc of the fatty substances in the skin. In fact, there 
BS aence that fowl were benefited by irradiation of the 
ie he feathers and furry animals were benefited by 
a ae n of the oil in the fur. In fact, there were adequate 
for suspecting that sub-erythemal dosages were 
Dic t to prevent and cure rickets. Various researches 
ae cea this to be true. These have been dis- 
A ohare 1 in detail. Therefore only a few highlights 
C 
"4 co never years of cooperative researches under 
the direction of H. J. so) apnea ger 
in pediatrics, it was conclusive y prove as panier 
es cured and prevented rickets in babies. 
. that the celuively small amounts of sip rencle 
ery supplied by tungsten-filament CX lamps ert 
rickets.?? Dosages one-tenth of those eis O P ssa 
an MPE on average untanned skin prevented an rib 
rickets in infants. This means that daily dosages at pati 
small as 4 E-viton-minutes per sq. cm., OF i micro sen 
minutes per sq. cm. of erythemally weighted energy, 
Be ornertheayec and Horesh ” exposed three pei 
severe rachitic infants (two Negroes and one “ - 
75 footcandles obtained from a 500-watt at ‘ak “a 
for 12 hours daily. The type and degree of ricke 


been previously established during an observation period of — 


about four weeks. These infants were cured in three months 
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by these daily sub-erythemal dosages. The 500-watt CX | 
lamp in an oxidized aluminum reflector operated at a tem. 
perature of 3035° K. and emitted 0.02 percent of its totg] — 
output, or 100 milliwatts, in the spectral region from 42 800 


to 43200. The daily exposure was approximately one. 
seventh of an MPE dosage. Expressed in another way, the 
daily exposure was 900 footcandle-hours. The dosage or 


exposure for the three months totaled 13 MPE or 81,000 | 


footcandle-hours. 
These results in the cure of rachitic infants were 
obtained with babies practically fully clothed. Only the 


head, neck and lower portions of the arms and legs were 


exposed. A mild tan was produced on white skin, but | ' 


obviously there was no erythema. These facts are impor- 
tant from the author’s viewpoint, particularly when com- 


bined with the established effectiveness of sub-erythemal q 
dosages. They revealed the practicability of applications of 


erythmal energy similar to, or a part of, lighting installa- 
tions over large areas occupied by human beings in 
classrooms, work-places and elsewhere. : 

Other encouraging evidence of the efficacy of sub- 
erythemal dosages was forthcoming. Dutcher and Honey- 
well” found that an intensity of about 10 footcandles 
supplied by a regular 100-watt tungsten-filament lamp with 
an ordinary glass bulb produced a definite antirachitic effect 
on rats. When this illumination was applied 8 hours each 
day for 21 days, the percent of bone ash was twice that for 
rats similarly fed but confined in darkness. When this 
illumination was applied continuously for 35 days, the 
percentage of bone ash was about three times that obtained 
from rats similarly fed but confined in darkness, Even the 
light used in the laboratory produced a measurable effect. 
It should be noted that the thin ordinary glass of the bulb 
af a tungsten-filament lamp transmits a slight amount of 
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a of 43000 and also measurable amounts of energy of 
ee __avelengths. Obviously, these results indicate a low 
eee old value of biologically-effective ultraviolet energy. 
' Bh tungsten-filament CX lamps were developed on 
; he basis of the author’s analyses which were supported 
s tually by clinical evidence. These lamps have been 
‘ © sively used in brooders for baby chicks and to some 
Bat in incubators for babies. Maughn * proved that baby 
Picks developed free of rickets when heated and irradiated 
a brooder with a 60-watt tungsten CX lamp without 
a exposure to natural daylight and without being fed any 
if special antirachitic food. 
| In another investigation, Maughn used a 500-watt 
tungsten CX lamp which supplied 50 footcandles for 5 
hours each day. Chickens were fed upon a restricted diet 
until they were suffering from severe rickets. Control 
chickens were similarly fed but were not exposed to light. 
Appraisals by six methods—general appearance, growth, 
ost-mortem, X-ray photographs, blood calcium, and bone 
ash—all showed significant effects of the radiant energy 
from the 500-watt tungsten CX lamp. It should be empha- 
sized that these chickens were suffering from severe rickets, 
and it is logical to assume that prevention of rickets re- 
quires smaller dosages than cure of severe rickets. Huld- 
schinsky * in a paper on the prophylactic use of ultraviolet 
energy concludes that only one-tenth of a curative dosage 
is necessary to prevent rickets. He also expresses the belief 
that mild sources and dosages of ultraviolet energy are most 
desirable prophylactics against rickets. aa 
Such evidence leads directly to an interest in providing 
low intensities of erythemal energy for long periods by 
means of lighting or supplementary sources where human 
beings are confined indoors. Particularly during winter 
months they are exposed little, if at all, to natural daylight 
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outdoors. It is fairly well established that ordinary window. 


glass, owing to its thickness as well as to its Composition, — 
? 


does not transmit much antirachitic energy. Unless direct 


sunlight is admitted by a window, such energy must come 


indoors from a relatively small area of sky. As a conse- 
quence, human beings indoors must generally receive their 
biologically-effective radiant energy from artificial sources 


if they are to receive any during much of the year in. 


higher latitudes. : 

In this connection it is interesting to appraise the 
intensity of short-wave ultraviolet energy present in 20 
footcandles of illumination from a 500-watt tungsten CX 
lamp operating at a color-temperature of about 3000° K. 
For each footcandle, the radiant flux shorter than 43100 
would be about 0.0083 microwatt per sq. cm. if the 
bulb were quartz. However, the special bulb transmits onl 
about half the energy shorter than 43100. Therefore, the 


total intensity of radiant flux shorter than 43100 present in 


20 footcandles produced by energy radiated directly from 
the 500-watt CX lamp is about 0.08 microwatt per sq. cm. 
Operating for 5 hours daily, the dosage of this energy 
would be about 0.4 microwatt-hour per sq. cm. or 24 
microwatt-minutes per sq. cm. 

It will be noted that this energy has not been weighted 
according to its erythemal effectiveness. When it is so 
weighted, the daily dosage is equivalent to about 4 percent 
of an MPE dosage. Considering that this caused a signifi- 
cant improvement in severe rickets in chickens, it is seen 
_that very small fractions of an MPE dosage are biologically 
effective. 

There are two other aspects which are of interest. The 
effect of a single dosage of erythemal energy on a rachitic 
baby can be noted by the skilled observer for several weeks 
afterward. Gerstenberger and Russell *? have shown that 
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q er hem 
week result 3 
_ , decided improvement was evident in the blood calcium 
- and inorganic phosphate level. The normal values were 


reached in 5 to 7 weeks; that is, with 5 to 7 weekly erythe- 
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a-producing exposures to an S-1 sunlamp once a 
Ited in the cure of rachitic babies. In two weeks 


mal dosages. | 
The other aspect is the total area of skin that is exposed 


to the biologically-effective energy. It has been proved that 
only those areas of skin that are commonly exposed by 
children in classrooms and adults at work are sufficient. 
Inasmuch as the effects of successive dosages are cumula- 
tive, it is not surprising that very small daily dosages suffice 
to cure rickets and that even smaller dosages are adequate 
for normally healthy or near-healthy animals, human 
babies, children and adults. However, the growing animal 
or child must appropriate for growth as well as for mainte- 
nance. This is one reason why rickets are common among 
young children and not among adults. Nevertheless the 
same physiological processes are at work in adults, so that 


what benefits growing animals and children must benefit 


adults. | 
These are glimpses of aspects of great importance in 
“bringing the outdoors indoors” for the benefit of both 


mankind and the animal kingdom. 


INSTALLATIONS IN OCCUPIED INTERIORS 


Any light-source which simultaneously emits light and 
erythemal energy can be used to supply radiant energy 
for health and light for seeing. The sun and sky are light- 
sources of this dual nature. A quartz mercury-arc properly 
filtered with a suitable ultraviolet-transmitting bulb is such 
a source, but the spectral character of the light is not gen- 
erally acceptable. The tungsten-filament CX lamp emits 
suitable light, but insufficient ultraviolet energy to be prac- 


298 


Artificial Sunlighy 
ticable for general use. The S-1 sunlamp when it first 


appeared was used for dual-purpose lighting * to Some. 


extent, but it is not ideal for the purpose. The modern 
fluorescent lamp could be equipped with a tube of special 
glass and different areas of the bulb could be coated with 
the E-phosphor and the luminous phosphors. However, 
from an economic viewpoint it now appears that a lightin 
installation of fluorescent lamps supplemented with sun_ 
lamps would constitute best practice at the present time. 

Before discussing this combination let us compare the 
erythemal effectiveness of some of the light-sources, 
Table XXXVI are presented the approximate e 
footcandle-hours which produce an MPE 
untanned white skin. 


In 
xposures in 
on average 


TABLE XXXVI 


Approximate Exposures in Footcandle-Hours to Supply an MPE Dosage and 
Relative Erythemal Effectiveness of Various Light-Sources 


Relative Erythemal 
Footcandle-Hours Effectiveness 
Light-Source for MPE Dosage per Footcandle 

Quartz mercury-arc, new........ 6 420 

With pyrex 1 mm. filter... .... 35 70 
Quartz mercury-arc, old......... 12 210 
Arc, sunshine carbons. .......... 90 28 
Fype'S:bsunlamp 2. 67 37 
RS and RS-4 sunlamps.......... 60 42 
Tungsten, 500-watt CX......... 2,000 1.2 
Fluorescent lamp, 6,500° K...... 4,170 0.6 
Fluorescent lamp, 3,500° K...... 9,500 0.26 
Summer sunlightec: ¢sc.6l eu. 6,000 0.43 
Summer skylight, clear days: 2). 830 8 
Summer sunlight plus skylight. ... 2,500 1 
Winter sunlight plus skylight. .... 25,000 0.1 
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Compared in this manner, it is seen that summer sunlight is 
relatively weak erythemally and that skylight on a clear 
day is much more effective. Sunlight plus skylight on a 


clear day in midwinter is about one-tenth as effective ery- 
themally as in summer. 


' r! i 
. ae 
x ?, 


299 


The tungsten-filament CX lamp had a bulb of Corex D 


Jass. The tests were made on 9 subjects at an intensity of 
ass. 


; 5420 footcandles. The average time required to produce an 


minutes. Owing to the heat, the skin was wet 
a ration and, ee. was more susceptible to 
themal energy. Therefore, the exposure of 2000 
Ba cle-hours to produce an MPE should be about 
normally dry skin. 
. © accion of abate lighting system would 
be a simple matter if each lumen of light emitted by a 
suitable light-source were accompanied by the proper 
mount of erythemal energy. If this were a fixed amount, 
fhe designer would find that for a given period of exposure 
the footcandle-level would be fixed. For example, if 50 
footcandles resulted in an MPE in 4 hours, he would att 
to reduce the level of illumination to about 25 footcandles 
for an 8-hour work-period in order to limit the exposure 
to one MPE. Obviously, if the lumens and E-vitons are 
supplied by different sources there is complete flexibility 
in design. Oe 
There is another aspect of great practical importance. 
Most surfaces do not reflect erythemal energy efficiently. 
For this reason this energy can best be utilized by sending 
it directly downward to the occupied area. The lumens can 
be directed upward and downward as is necessary in order 
to provide good seeing conditions. Paints can be made 
which reflect erythemal energy fairly efficiently, and it Is 
possible that some indirect and direct-indirect installations 
of artificial sunlight may be made. However, the most 
practical method is to confine the sunlamps to direct- 
lighting units. (See Plate X.) - : 
In Fig. 97 is illustrated the original drawing of a dual- 
purpose fixture which has hung over the author’s desk for 
nearly a score of years. In the center is an S-1 sunlamp 
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Fie. 97. A dual-pur 7 
pose fixture which provides a direct 
light and erythemal energy from an S-1 sunlamp and Hf widitece colle 


ponent from tungsten-filament ] 
used for this localized sche ae ey ie 2S sualaps canis 


occupant, this sunlamp can be turned on or off at 

The lighting due to the sunlamp alone is hae been 
softened by a powerful indirect component of light from 
the same fixture aided by a suitable desk lamp. This and 
many other fixtures were designed and installed with Type 
S-1 sunlamps? combined with tungsten-filament lath : 
N ow the RS or RS-4 sunlamps may be used where foclized 
artificial sunlight is desired. However, the F sunlamps can 
be combined with F lamps to provide erythemal nny for 


Artificial Sunlight 


whose light and radiant energy are directed downward 
This contributes nearly 100 footcandles to the top of th , 
desk underneath. A definite erythema is produced on the 
face of the occupant in about an hour. There being a ineil 


“artificial Sunlight 
- pealth 


 occuple 
» av oid 


4 account. 


301 


along with light for seeing for large or small areas 
d for long periods. Glare can be more readily 
ed by their use. 

In designing a lighting system, one deals with the out- 
ut of the sources in lumens and delivers the desired lumens 


q on each square foot of the work-plane. In considering sun- 


Jamps, E-vitons are handled in the same manner excepting 
that time, or duration of exposure, must be taken into 
If one wishes to confine the total dosage to the 
equivalent of one MPE on average untanned skin, it is only 
necessary to remember that a dosage of 40 E-viton-minutes 
per sq. cm., or 7 E-viton-hour per sq. cm. produces an 
MPE. This is equivalent to about 600 E-viton-hours per 
sq. ft. By dividing this value by the hours of exposure, the 
intensity of erythemal energy in E-vitons per sq. ft. 1s 
obtained for a dosage equivalent to an MPE on average 
untanned skin. As emphasized elsewhere, we have found 
that for skin moistened by perspiration, as it often 1s in 
summer, an MPE dosage may be 25 or 30 instead of 40 
E-viton-minutes per sq. cm. 

If the installation is designed for different periods of 
exposure, the intensities of erythemal flux in E-vitons per 
sq. ft. to provide an MPE dosage are as follows: 

For 8 hours, about 75 E-vitons per sq. ft. 

For 6 hours, about 100 E-vitons per sq. ft. 
For 4 hours, about 150 E-vitons per sq. ft. 
For 2 hours, about 300 E-vitons per sq. ft. 

If a total dosage equivalent to only 0.1 MPE is desired 
the foregoing intensities of erythemal flux should be re- 
duced to one-tenth of their values. These would be, respec- 
tively, 7.5, 10, 15 and 30 E-vitons per sq. fr. Any intensities , 
between these two sets of values should be safe for persons 
with skins of reasonably normal sensitivity. In other words, 
the variation in skins is fairly well taken care of by keeping 
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the maximum total dosage below an MPE dosage for aver- 
age skins. The more sensitive skins would not develop more 
than a vivid erythema. Gradually this would result in tan_ 
ning of most skins. Those relatively few persons whose 


skins are particularly sensitive could find ways of reducing 
their exposure. | | 


THE FIELD OF ANIMAL HUSBANDRY 


In some ways mankind has given more attention to 
animals than to human beings. Therefore, it is not surpris- 
ing that many applications of artificial sunlight have been 
made in poultry houses and elsewhere. Investigations have 
shown that chicks are healthier and grow more rapidly 
under the influence of ultraviolet energy. Sunlamps appear 
to compete favorably with cod-liver oil. The new germi- 
cidal sources are now in use to reduce disease, and appar- 
ently they are also directly beneficial to growing fowl by 
preventing rickets and otherwise promoting health and 
growth. The RS and RS-4 sunlamps are practicable in 
poultry houses and are being experimented with where 
other animals are housed. Here again some believe that the 
new germicidal sources will serve the dual purpose of 
killing micro-organisms that are pathogenic to poultry and 
other animals and of preventing rickets and promoting 
health in other ways. In such applications the possible dele- 
terious effects such as conjunctivitis and severe erythema 
should be kept in mind. Certainly with the variety of 

sources of radiant energy now available, the field of animal 
husbandry appears to be extensive. 


Chapter XI 
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: MANY MATERIALS are altered in one way or another by the 
| tion of radiant energy. Probably all dyed textiles fade to | 
3 a tent if exposed to daylight or artificial light for a i 
. length of time. Paints and wallpapers are likewise 
q ible Ordinary glass commonly acquires a purplish 1 
j Be steer long exposure to outdoor sunlight. Glass enve- 1 
oo ced with arc-lamps exhibit this characteristic.* Clear : 1 
ce transmitting glasses “solarize” when on beeen | 
ficiently to radiant energy rich in short-wave u sie : 
energy. Heating these glasses at a SHEE i cata as | 
generally decolorize or desolarize them. — fe : : 
- jmmune. Some white ones will acquire a rownish 0 | 
q urplish color after sufficient exposure to corhegaainel vie ; | 
| particularly of the shorter wavelengths. The pro si O | 
fading of materials have always been present, at i ey are 
growing more important with increasing levels of 1 rn 
tion with artificial light and with increasing use of ultra- 
rey. 7 | 
ae cnecs: or permanency As a relative matter. Perhaps 
no dyed textile or colored paint 1s unsusceptible to sa i 
energy in the ultraviolet and most of the visible ott | 
regions. Permanency 1s somewhat related to simplicity in | 
chemical composition. It is definitely related to the ie | 
of imperviousness. An elementary material 1s generally 
more permanent than a complex compound or a mixture 
of compounds. A vitrified colored enamel resists fading | 
where a colored textile or paint does not. An aluminum 
surface is relatively stable, but an aluminum paint may be 


significantly affected by pias ultraviolet energy | 


peat moss had soaked was 
q. cm. for the number of 


germicidal flux of 200 microwatts per sq. 


After incubation it is seen that m 


xposure of 4000 microwatt- 


any organisms were killed in 3 


me survived an irradiation of 20 minutes or ane 


minutes per sq. cm. 


f 


n each case. 


Agar in petri dishes infected with water in which old 
intensity O 
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irradiated with an 
minutes indicated i 
minutes or less. So 


Fugitive colors in textiles, wallpapers and paints, and lack j 


of permanency in physical characteristics of other mater 
are nuisances that are often disturbing and sometimes co 
Radiant energy is blamed as the offender without 


theless through understanding of the relationships between _ 
radiant energy and permanency, better materials will be — 
produced and some safeguards will be recognized in the _ 


use of light and radiant energy. 

Study and discussion of fading are fraught with diff 
culties. There are no standard materials, and the identifica- 
tion of materials is generally inadequate. There are count. 


less materials and many combinations of them. Each must _ 


be tested individually in order to obtain specific data, 
However, it is possible to develop principles and generali- 


zations which are useful provided it is recognized that there _ 


may be many exceptions among the great number and 
variety of materials. Here the subject is treated largely from 
the viewpoint of dyed materials. These are not only impor- 
tant in themselves, but colors obtained in this manner, bein 
generally more fugitive, are the more practicable for estab- 
lishing certain fundamental principles and generalizations. 
Various individuals and organizations have contributed 
much to our knowledge of fading, and some pertinent facts 
and principles established by them are mentioned in the 
discussions which follow. Most of these investigations have 
had for their objective improvements in fastness and elimi- 
nation of particularly fugitive coloring materials. On the 
other hand, the investigations of the author and his col- 
leagues, particularly A. H. Taylor, have had for their 
primary objective the relationship of visible and ultraviolet 
energy to the fastness of dyed materials and to the perma- 
nency of materials in general. For this reason this discussion 


f 
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quately recognizing that the responsibility for fastness Or 4 ‘- 

permanency should actually rest upon the materials. Never. _ 


Hi. 


ow 
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, rimarily with consecutive investigations of Luckiesh 
a lor *° for more than a score of years. The chapters 
at 4 bith reflectance and transmittance of materials are 
dealt 


; interest in this connection. 


| A e e ° A d 
‘Fading is a complex photochemical reaction influence 
4 numerous factors. Some of the more important ones are 
Be asity of radiant energy at the surface of the nee 
s spectral character of the light or radiant energy, t : 
j duration of exposure, the temperature of the material, 
> atmospheric humidity and contamination, degree of access 
" of air, the character of the material containing the coloring 
- material, the method of applying the coloring as in the case 
© of dyes and, of course, the coloring medium itself. ay 
" investigation of fading of particularly sensitive materials, 
such as dyed textiles, becomes the more complex due to the 
) difficulties in controlling some of the factors. Some exten- 
"sive investigations of these factors have been made. Manu- 
© facturers of paints and other colored materials conduct 
tests more or less continuously. The primary objectives of 
q most of these investigations are to determine the fastness of 
q specific dyes and paints when exposed to daylight and the 
~ outdoor elements, to develop methods of making acceler- 
ated tests, and to improve products by selection or otherwise. 
In the present discussion we are primarily interested in 
fading and permanency indoors where the environment 1s 
less variable and some of the factors are fairly well sup- 
pressed. This simplifies matters somewhat, but we are still 
handicapped by the lack of standard materials and of 
methods of identification. However, out of this maze some 
principles and generalizations have been established which 
"are useful in applications of light and radiant energy. 


ARIOUS FACTORS IN FADING 
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Indoors some of the factors which affect fading are — 
reduced to minor importance. For example, duplicate speci. _ 


mens of dyed textiles exposed in normally dry and humig 
air faded at approximately the same rate. The rate of fading 


was found to be practically the same at 85° F. and 120° EF, 
but it was measurably more rapid at 150° F. These condi- 
tions include the ranges usually encountered indoors 
cepting where a material is abnormally heated or illuminated 
as, for example, by being very close to a powerful light- 
source. 

Excessive moisture and air abnormally contaminated 
with active gases are sometimes encountered indoors. Light 
has been erroneously blamed for the fading they caused, 


For example, bolts of cloth, the edges of which were ex. q 


posed to light, showed fading through a large number of 
folds and the artificial light was emphatically but unjustly 
indicted. To clear up the matter, unfaded specimens of the 
cloth were exposed 1000 hours to 100 footcandles supplied 
by the same illuminant and they did not fade materially, 
It was eventually ascertained that the original fading of the 
ends of the bolts of cloth was due to excessive moisture 
resulting from combustion of gas in the local heating 
device. This may have been aided by contaminating gases, 

In another common case a young lady insisted that 
pleated cuffs of very dark blue filmy material on her dress 
faded decidedly after fluorescent lamps had been installed 
in her work-room. Examination of the pleated cuffs re- 
vealed uniform fading throughout, even in the depths of 
the pleats. This in itself was evidence that light was not the 
culprit, but the young lady was insistent and fluorescent 
lighting was condemned. However, systematic exposure of 
some of the same material revealed that it was unaffected 
by exposures to fluorescent light enormously greater than 
those under which the pleated cuffs were supposed to have 


ex. 
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J Fluorescent light was exonerated and the young lady 
faded. ed of having cleaned the cuffs in some manner 
gas Susp d them to fade uniformly. Human nature is 
«volved in many ways in complaints of fading. 

‘ Th se are examples of erroneously indicting the most 
- Be ctor and of the unreliability of diagnosis with- 
_ wledge of basic facts. With the advent of fluores- 
ut ing a wave of complaints arose and many users 
a Be iviaced that the radiant energy from fluorescent 
. Eas particularly vicious in causing fading of dyed 
cles. Those familiar with the spectral character of eee 
rescent light and its relationship to fading knew that the 


_ jndictments were unjustifiable. What the user of han 
: light neglected to take into account were the higher ae S 
of illumination which commonly resulted from a change 
| to fluorescent lighting. For example, the ae 
| tungsten-filament lamps in show-cases were replace y 
 fuorescent lamps emitting much more light. As a cons 


ie lying 1 isplay case or the 

ce, the edge of a necktie lying in a display 
cider of a garment hanging in a wall-case close to the 
light-source received much more light than heretofore. 


q Although the displays profited by more light of a better 


quality, the remedies lay in properly designing the lighting 
system, in changing the displays often enough, and in 
removing the materials to a safer distance so that no part 
of them was unduly exposed close to the light-sources. 
These are glimpses of the everyday problems of fading 
and of the part played by light and lighting. With increas- 
ing use of ultraviolet energy, and particularly germicidal 
energy of 12537, the matter of fading and of its causes and 
prevention has become more important. As seen later, it is 
impossible to make an illuminant satistactory for general 
‘use that will not cause fading of dyed textiles, wallpapers, 
etc., if the exposure is sufficient in intensity and time. 
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are generally adequately so under artificial light. 
THE RECIPROCITY LAW 


In an early research Luckiesh and Taylor * exposed a 
series of dyed ribbons to radiant energy from tungsten. 
filament lamps over a considerable range of intensities. 
Extensive data were obtained at levels of illumination of 
50, 500 and 2700 footcandles. These cover a range of 1 to 
54, They concluded that on the average the fading was 


approximately proportional to the product of intensity of 


illumination and the duration of exposure. [his product is 
expressed in footcandle-hours. In other words, Et = p 
where & in this case applies to this group of specimens. If 
every specimen faded in accordance with this law, there 
would be a specific value of & for each or, for a given 
degree of fading, there would be a specific value of Et, 
Appel * tested seven dyeings which had shown unex- 
pected results under daylight exposures and found that 
they did not obey the reciprocity law. Our studies of the 
effect of the spectral character of the illuminant have indj- 
cated that, when measuring exposure in terms of footcandle- 
hours, a higher rate of fading is to be expected with natural 
daylight than with fluorescent or filament light. Apparently 
the reason for this difference is the greater amount of long- 
wave ultraviolet energy associated with each footcandle of 
daylight than with either of the two artificial illuminants. 
It is conceivable that some dyeings will fade more when 
exposed for a long time under a low level of illumination 
than when exposed under a higher level of illumination for 
an equal number of footcandle-hours, 


sq 
However, there is some consolation in the knowledge thay 
for the same exposure such materials generally fade more _ 
under natural daylight. Therefore, materials which are 
reasonably fast under the usual intensities of natural light — 


a 2 

- relations 4 ¢ f i 
# wever, over considerable ranges the reciprocity law ap 
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- Regardless of exceptions, a generalization is sO sine 
or even an approximate one is valuable for a practica 
_ tion of the problems of fading due to light and 
considera eroy. We know that the reciprocity law not 
a ] Breaks down at the extremes. Doubtless this 
ee onship oe exposure and fading also similarly fails. 


"x ears to hold well enough on the average to guide practice 
pe ! pes nie 
and practical considerations. 


RESULTS WITH COMMON ILLUMINANTS 


The advent of fluorescent lamps has created interest 


in the question of their effect upon the ewe. of vee 
textiles and other materials whose colors were known 
4 be more or less fugitive. Therefore, extensive tests sap | 
made with three illuminants whose spectral distributions o 


7 are indicated by A, B and C in Fig. 98. Exposure of 
Be dyed textiles to siemal daylight was made in a frame 
facing south and inclined at 45 degrees. This frame was 
covered with plate glass 44 of an inch in thickness. There 
was a space of 2 inches between the glass and the specimens. 
Incidentally, ic has been shown that for the same intensity 
of energy on the specimens they generally fade the same 
whether covered with glass or not. | 

The exposures to natural daylight were made on sunny 
days in June and July between 9:00 a.m. and 3:30 P.M. 
At the center of the frame and in the plane of the speci- 
mens a photocell was placed behind a diffusing glass and a 
special filter, and was connected to an electronic integrator 


described elsewhere. The natural daylight varied both in- 


intensity and spectral character. The former was 1nte- 
grated in terms of footcandle-hours. The mean son 
temperature was about 6000° K. and the mean spectra 
distribution is represented by B in Fig. 98. The color- 
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Fig. 98. ‘The color-temperature of the tungsten-filament 
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0 
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Fic. 98. The spectral distributions of energy in common illuminants for 
equal footcandles, A, tungsten filament 2850° K.; B, natural sunlight 


plus skylight 000° K.; C, zenith blue sl °K: ; 
rescent lamp 6500° K. ’ ue sky 60000° K.; D, daylight fluo- 


light, which was obtained from 50- and 75-watt lamps, was 
2850° K. and its spectral distribution of energy is repre 
sented by A in Fig. 98. The fourth curve D in Fig. 98 
indicates the spectral distribution of light from a blue sky 
on a very clear day. Skylight varies greatly in spectral 
character. Taylor and Kerr ® have measured color- 
temperatures of skylight as high as 60,000° K. 
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temperature of the fluorescent light was 6500° K. and th q 
spectral distribution of energy is represented by C R : 


oll 
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‘The fading tests involved 120 different colors of dyed 
. extiles. Of these 67 were obtained from the Sub-Committee 
"on Light Fastness of the American Association of Textile 
Chemists and Colorists through the courtesy of W. D. 
Appel and W. E. Cady.® The materials of the 67 dyed 
| specimens were as follows: 16 silk; 19 cotton; 16 wool, 
" g viscose; and 8 acetate. To these we added 53 specimens 
of satin ribbons of assorted colors purchased in stores. 
Therefore, the 120 specimens were sufficiently representa- 
" tive for the practical purposes of the investigations. 
Three complete sets of specimens were made so that 
one could be exposed under each illuminant. Details of the 
technique are available elsewhere.” It is sufficient to state 
that a sharp boundary line between the faded and unfaded 
portions facilitates detection and appraisal of fading. All 
specimens were examined and compared at frequent inter- 
yals. The best illuminant for the detection of the small 
color-differences between unfaded and slightly faded areas 
of the same specimen is generally one which is relatively 
rich in the spectral region of maximal absorption by the 
specimen. For example, slight degrees of fading of blue 
materials are more easily detected when viewed in the light 
from tungsten-filament lamps than when viewed in natural 
daylight or in the light from fluorescent daylight lamps. 
Conversely, small amounts of fading of red, pink and 
ellow materials are more easily detected under natural or 
artificial daylight. 

Twelve of the 120 specimens did not fade sufficiently 
for appraisal during the period they were exposed. The 
relative exposures for equal fading, on the basis of 1.0 for 
natural daylight, are presented in Table XXXVII. It is seen 
that about three-fourths of the samples faded more rapidly 
under natural daylight than under the artificial illuminants 
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for the same exposure, Et. The average relative exposures 
for equal fading under the three illuminants are 
1.00 for natural daylight, 6000° K. 
1.81 for tungsten-filament, 2850° K. 
1.68 for fluorescent daylight lamps, 6500° K. 
Although fastness of a colored material is a relative 
matter, it is important to know how soon undesirable fadq- 


ing will occur under a given level of illumination in homes, 


TABLE XXXVII 


Distribution of 108 Colored Textiles with Respect to Exposure-Ratios (Foot. 
candle-Hours) Required to Produce Equal Amounts of Fading with Three Light. 
Sources 


Exposure Relative to Number of Specimens Equally Faded under 
Natural Daylight Tungsten Lamps Fluorescent Lamps 
Below 0.5 4 4, 
0.51 to 0.75 12 9 
0.76 to 1.00 12 12 
1:01 to 'l.25 10 14 
1.26 to 1.50 15 BS: 
1.51 to.1.75 14 1 
1.76 to 2.00 8 10 
2.01 to 2.25 14 14 
2.26 to 2.50 2, 1 
2.51 to 3.00 2, 3 
3 to4 9 6 
Greater than 4 6 5 
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stores, show-windows, display-cases and elsewhere. In the 
tests with 120 fairly representative specimens of dyed 
textiles, 50 percent of them were faded perceptibly by 
exposures of 50,000 footcandle-hours to either filament or 
fluorescent light. ‘This exposure-is equivalent to 100 foot- 
candles for 500 hours or 2 months of 8-hour daily expo- 
sures. Of the 50 percent which faded perceptibly during a 
continuous exposure of 50,000 footcandle-hours, about half 
of these specimens were only very slightly faded. There- 
fore, only 25 percent of .the 120 specimens were appre- 


‘radi 
| iably faded by an exposure of 50,000 footcandle-hours. 
q This appears to be a value worth remembering in lighting 
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ractice involving colored textiles and other materials 


j whose colors are likely to fade. 


An analysis of fading data reported by Cady and 
Appel * for 1252 specimens of dyed textiles reveals that 


: over 50 percent of them showed perceptible fading after 


an exposure to sunlight and skylight for 24 hours. Data on 


: ‘ntensity of illumination are not available, but if it aver- 


aged 4000 footcandles, this exposure would equal 96,000 
footcandle-hours. Considering that in the tests by Luckiesh 
and Taylor * only 25 percent of the specimens were faded 
appreciably by an exposure of 50,000 footcandle-hours to 
the artificial illuminants, the agreement may be considered 
satisfactory. In making this comparison the greater average 
fading power of natural daylight must also be taken into 
account. From the data on the 120 specimens, the relative 


fading power of the three illuminants would be 


1.00 for natural daylight, 6000° K. 
0.55 for tungsten-filament lamps, 2850° K. 
0.60 for fluorescent daylight lamps, 6500° K. 


Assuming that the exponential relationship holds in 
general over the common range of footcandle-levels and 
that 50,000 footcandle-hours is on the average a safe expo- 
sure to tungsten-filament light, we have | 


Et = 0.55 X 55,000 = 30,250 footcandle-hours 


as a safe exposure to natural daylight for nearly all dyed 
textiles. For example, if the average level of illumination in 
a show-window is 275 footcandles, the safe duration of 
exposure is 100 hours. Assuming the daily exposure is 12 
hours, the safe duration of exposure is 8.5 days, or about 
one week. These values are conservative for most dyed 
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materials but they illustrate the principle involved in safe 
guarding most of the fugitive colors. | 
In Fig. 98 the spectral distribution of energy in sky- 


light on a typical clear day indicates relatively large 


amounts of energy in the short-wave visible and long-wave 
ultraviolet regions of the spectrum. Experimental evidence 
having directed suspicion to radiant energy in the region 


from 43500 to »4500, skylight was suspected of greater. 7 


fading power than sunlight or artificial light. Therefore, 
25 dyed ribbons were selected from previous tests as being 
sufficiently representative for this test. Each specimen was 
placed in a thin glass tube open at each end. One set was 
exposed at an open window to direct sunlight and some 
skylight from 8:30 a.M. to 5:00 p.m. on sunny days. The 


average intensity of illumination was 3900 footcandles, 


Another set was exposed to skylight outside a window with 
approximately northern exposure to an average intensity of 
450 footcandles. The average results indicated that for 
equal fading the relative exposures are 


1.00 for sunlight plus skylight 
0.44 for skylight alone. 


There appears to be little doubt that for equal levels of 
illumination the fading power of skylight is more than 
twice that of direct sunlight and is at least 3 times that of 
ordinary artificial illuminants. 7 

_ Applications of the foregoing data are many, varied 
and easy. First it is necessary to agree on the relative fading 
power of the illuminants as determined by the average, or 
by most, of the specimens of a large number of dyed tex- 
tiles. As previously explained, these materials are used not 
only for themselves but also as being generally representa- 
tive of the more fugitive of the colored materials in use. 


Suppose 
| S Br ogree that the relative fading powers are 
pa : 
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we round out the values previously determined 


1.00 for natural sunlight 

2.00 for natural skylight 

0.60 for ordinary artificial light from 
fluorescent and filament lamps. 


q Now let us assume a show-window facing south with an 
average of 3000 footcandles of sunlight for 5 hours daily, 
300 footcandles of skylight alone for 10 hours daily, and 


100 footcandles of artificial light for 8 hours daily. The 
daily exposures in footcandle-hours weighted by the fading 


powers are 


3,000 X 5 X 1.00 = 15,000 
300 X 10 X 2.00 = 6,000 
100X 8X0.60= 480. 


The total exposure is 21,480 footcandle-hours and in any 
given period the percentage of the total fading contributed 
by each of the three illuminants is 70 percent for sunlight, 
28 percent for skylight and 2 percent for artificial light. 

Let us assume a show-window of northern exposure 
which receives an average of 300 footcandles of skylight 
for 10 hours daily and 100 footcandles of artificial light for 
10 hours daily. The weighted footcandle-hours and the 
percentages which each illuminant contributes to the total 
fading are 


300 & 10 X 2.00 = 6000 or 91 percent 
100 X 10 X 0.60 = 600 or: 9 percent. 


It is a difficult matter to make out a case against 
ordinary artificial light when properly used. If a necktie 
or dress fades perceptibly in a week of exposure to 200 
footcandles of artificial light totaling 100 hours on the 
average, it should fade as much in 10 minutes outdoors at 


noon on a clear summer day. Such fugitive materials should 


not be made and sold—and fortunately they seldom are. 
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Admittedly the footcandle-hour is not a complete 


measure of exposure for fundamental purposes. Flowever, a 


it is adequate when dealing with fading due to common 


artificial illuminants. Assuming the reciprocity law to hold, 


the final question to answer is, What is a safe average expo- 
sure in footcandle-hours? The answer rests upon another 
question, How much fading on the average will one accept? 


Preceding discussions provide the data for dyed textiles 


upon which anyone can decide for himself. Possibly a total 
exposure of 50,000 footcandle-hours is safe on the average 
for artificial light. 


EFFECT OF SPECTRAL CHARACTER OF ILLUMINANT 


There is a well-established fundamental principle 
known as the Grotthus-Draper Law. It states in effect that 
radiant energy must be absorbed in order to produce a 
photochemical effect. However, this law is commonly mis- 
interpreted. Radiant energy of certain wavelengths may 
be absorbed, but may expend itself in heating the material. 
The absorption spectrum of the material only indicates the 
region or regions of the spectrum in which the wavelengths 
of the energy which cause the fading are to be found. It is 
analogous to determining the woods in which an enemy is 
hiding but not the tree or bush which conceals him. There- 
fore, absorption spectra of colored materials do not accu- 
rately predict the spectral energy which causes fading in 
any given case. This can be ascertained by independent 
exposures to energy in various parts of the spectrum. 

There is some evidence that-the fading power of the 
ultraviolet and blue regions of sunlight and skylight is 
relatively greater than that of energy in the remaining 
portion of the visible spectrum. However, the ultraviolet 
energy in daylight, which is highly absorbed by ordinary 
glass, is not responsible for an appreciable part of the fading 
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ower of sunlight. The absorption spectrum of ordinary 
lass in the ultraviolet region begins at about 43500 and 
he absorption increases rapidly to about 13000 where it 1s 
Y 86 
nearly complete. Tests by the author and his colleagues 
revealed little or no effect of ordinary glass when testing 
the fastness of dyed materials under natural or ee 
light. Of 1252 specimens tested at the Bureau of Standards 
under natural daylight outdoors the results of the presence 
or absence of window glass showed practically no differ- 
ence on 74 percent of the specimens, only a slight difference 
on 22 percent, and a marked difference on only the remain- 
ing 4 percent. . 

These results do not mean that energy in the region of 
x3000 to. 43500 does not possess significant fading power. 
Actually it means that the energy in that region 1s not as 
effective quantitatively as compared with the energy in the 
other parts of the spectrum of sunlight or skylight. This 
fact is indicated in Fig. 98 and in Chapter Il. 

In the comparative fading tests ** with 120 carefully 
selected specimens of dyed textiles, there appeared to be a 
correlation between the color of the specimen and the 
relative fading under tungsten-filament lamps and fluores- 
cent daylight lamps. For example, blue specimens appeared 
to fade somewhat more rapidly under tungsten-filament 
light, but red, pink and yellow specimens faded slightly 
more rapidly under the fluorescent light. However, for 
most of the specimens the difference in the rate of fading 
was not great and the average rate for all the specimens 
was almost exactly the same. 7 

Tests with selected specimens of assorted colors were 
made under 9 different filters with short-wave cut-offs 
ranging from about 2900 to about 45700 and did not 
reveal any spectral region as being outstanding in fading 
power. The results indicate that radiant energy of wave- 
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lengths longer than 46000 is relatively ineffective in fadin 


of many specimens. This conclusion was further confirmed 


by covering dyed textiles with red, green and blue plas. 
filters while exposing them to sunlight. The greatest amount 
of fading occurred under the blue glass, less under the 
green and very little under the red. In making the appraisals 
the different intensities of sunlight on the three sets of 


specimens were properly taken into account by determin- 


ing the exposure under each filter which produced equal 
fading. 

Some specimens were exposed to a sodium lamp which 
radiates relatively little ultraviolet energy and practical] 
no visible energy excepting in the region of 45890. The 


results indicated that the fading power of visible energy in q 
the orange-red region of the spectrum is relatively low, 


The same specimens faded 5 to 85 times more rapidly 
under a modern germicidal source which radiates nearly 
all of its ultraviolet energy in the region of 2537 and 
which radiates comparatively small amounts of visible 


energy. 
COLOR CHANGES DUE TO FADING 


For many of the specimens, spectral reflectance curves 
were made both for the unexposed and exposed materials. 
Typical curves are shown in Figs. 99 and 100 where N and 
F’, respectively, indicate the unfaded and faded specimens, 
For nearly every specimen examined in this manner it was 
found that the material bleaches (reflectance increases) in 
the spectral region of maximum absorption, and darkens 
(reflectance decreases) in the region of minimum absorp- 
tion. The resultant effect may be to make a faded material 
appear either lighter or darker depending upon the spectral 
character of the original color of the material. For example, 
several green specimens became darker when faded since 
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“he spectral region of minimum absorption is near the 
ere ddle of the visible spectrum where the energy is of 
© imal luminosity. Conversely, purple specimens com- 
j a? became lighter when faded, as is somewhat indi- 
q Bi by the pink specimen illustrated in Fig. 99, Blue 
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Fic. 99. Spectral reflectance of a specimen of pink silk before N and 
after F moderate fading. 


specimens usually become lighter when faded. Conversely, 
yellow or orange specimens usually become darker as 
indicated in Fig. 100. These facts also give an idea of the 
value of different illuminants in detecting and appraising 


fading. 


EFFECT OF GERMICIDAL ENERGY OF 22537 


The new efficient germicidal sources are likely to be 
extensively applied under conditions which are bound to 
affect some materials. The energy of 42537 not only kills 
living organisms but is rather vicious in other ways. It 
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affects many materials and can cause undesirable fading © 


On the other hand, it might possibly serve as a means fo, 
accelerating fading tests. There is no rational basis fo, 1 


comparing fading under two different sources of radianp 


energy. However, it is of interest to compare the fading | 
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Fic. 100. Spectral reflectance of a specimen of yellow cotton cloth 
before N and after F moderate fading. 


power of this germicidal energy with that of an artificial 
illuminant. Through the courtesy of Appel and Cady,” 
duplicates of their 40 selected dyed textiles were obtained. 
These varied in color throughout a wide range and included 
cotton, wool, silk and rayon textiles. 

A portion of each specimen was exposed 26 inches 
below a bare 30-watt germicidal source. The intensity of 
germicidal energy of 42537 on the specimens varied from 
68 at the ends to 90 microwatts per sq. cm. in the middle 
of the set of specimens. This condition may readily obtain 
in germicidal installations. A. H. Taylor,°? who conducted 
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9g 4 investigation, inspected the materials at frequent inter- 
Es Whenever a specimen had faded perceptibly, it was 
oy ered with black paper and the duration of exposure in 
Bars was noted. Exposure of the other specimens con- 


energy ceased. | 
The exposed areas were covered and new areas were 


exposed 10 inches below two 30-watt fluorescent daylight 
a ps in aluminum reflectors. The initial intensity of 
qJlumination was 200 footcandles at the ends of the set and 


“frequent intervals and whenever a specimen had faded as 
much under the fluorescent light as it had under germicidal 
energy, it was covered with black paper and the duration 
of exposure in hours was noted. Exposure to fluorescent 
“light ceased at the end of 3850 hours. 

___ AJl but one specimen required much longer exposures 
to the fluorescent light than to the germicidal energy for 


a equal fading. Eleven of the specimens were far from equally 
faded under fluorescent light at the end of 3850 hours. The 
" exposures resulting in equal fading for each of 29 specimens 
are plotted in Fig. 101. The degree of fading was not nec- 
" essarily the same for any two of these specimens. The two 
- dots on the upper left-hand corner indicate that these two 
" specimens faded as much in 110 hours under the germicidal 
"energy as they did in 3850 hours under 200 to 300 foot- 
candles of fluorescent light. This is a ratio of 1 to 35 in 
_ exposure. In many cases this ratio was more than 1 to 10. 
_ The lowest ratio is about 1 to 2. 


These results emphasize the need for care in installing 


) germicidal sources where fading of textiles, wallpaper, etc., 
_ would be undesirable. In addition, the results indicate the 
' possibility of using germicidal energy for accelerated tests 
_ of light-fastness. Since energy of 42537 is not present in 


‘tinued. At the end of 420 hours, exposure to germicidal 


300 footcandles in the middle. Inspections were made at 
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sunlight, the results are not directly comparable. Howeve; 4 
fastness to energy of 42537 would generally guarantee 


fastness to natural or artificial light. 
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Fic. 101. Comparative duration of exposure for equal fading under 200 
footcandles from fluorescent daylight lamps and 60 microwatts per 
sq. cm. of germicidal energy of 2537. 


Plastics are rapidly coming into use in lighting equip- 
ment. When too close to a tungsten-filament lamp, they 
may become discolored, like a-scorched white fabric, if 
the temperature is too high. Colorless plastics appear to be 
reasonably permanent in appearance, even those that are 
exposed to intensities of light from fluorescent lamps for 
long periods. However, some do not fare so well under 
long exposures to germicidal energy. For example, a white 
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"diffusing plastic which is used in fluorescent fixtures, ex- 


osed for 12 days to an intensity of 135 microwatts per 


’ gq. cm. of germicidal energy (42537 ), had become decidedly 


ray: Another piece of the same plastic was similarly ex- 

osed to the germicidal energy, but in addition was simul- 
taneously exposed to an intensity of 750 footcandles from 
fuorescent daylight lamps. After 12 days it had changed to 
the same gray that resulted from exposure only to germi- 
cidal energy. In other words, the 750 footcandles of fluo- 
rescent light had no effect. Specimens of white plastics 

laced about two inches from the tube of a 30-watt germi- 
cidal source turned to a decidedly brown color in a week. 
At this distance the plastics are no more than mildly warm, 
but it is likely that the higher temperature while the 
germicidal energy was acting possibly accounted for the 
brown instead of the gray color. 

These are mere glimpses of the powerful action of 
germicidal energy of 42537. Such effects must be avoided 
in the use of these germicidal sources for disinfecting air. 
On the other hand, this undesirable property of germicidal 
energy may find some uses. The effect on plastics and most 
materials is generally purely superficial for the reason that 
it is absorbed by most materials and, therefore, its effects 
are produced in a thin surface layer. 


ACCELERATED FADING 


Those interested in the fastness of dyes and other 
colored media and in the permanency of other materials 
have long recognized the need for an artificial source of 
energy for testing purposes. No single source has as yet 
been developed which duplicates the spectral distribution 
of sunlight or skylight or any combination of them 
throughout the entire spectrum. Certain carbon-arcs have 
long been used with success. It now appears that a bank 
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of fluorescent daylight lamps would be practicable, ea 
accelerated tests are desired, perhaps the germicidal sourcey q 
used alone or in combination with fluorescent lamps might 4 
be satisfactory. However, it is obviously necessary to _ 
establish at least approximate correlations between such ( 
accelerated tests and actual tests under natural daylight, — 

In Chapter X various aspects of artificial sunlight are — 
discussed along with the spectral distribution of eneroy — 
from artificial sources. The water-cooled AH-6 mercury 
lamp has possibilities for accelerated testing. Very high 
intensities of energy are obtainable without undue heating — 
effect. If a quartz flow-tube is used, a good deal of ultra. g 
violet energy shorter than 2900 would be available. This 
energy could be used when desired and filtered out at will ; 
with various glasses. Where carefully controlled accelerated q 
tests are important, this powerful source may also be worth 
considering. 


~ 


Prate XII. Young tomato plants resting on shelves in a window and 
exposed continuously to germicidal energy (A2537) varying from 1.9 
microwatts per sq. cm. at the plants on the top shelf to 0.14 microwatt 
per sq. cm. on the bottom shelf. Plants on the top shelf died after an 


exposure of only 24 hours. Those on the bottom shelf showed only 
slight damage after 500 hours. : 7 


Chapter XT] 


Ultraviolet Energy and Plant Lite 
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Tue errects of ultraviolet energy upon seeds, seedlings 
and mature plants have been studied from various view- 

oints in many researches. Some of the disagreement and 
uncertainty is due to the complexity of the problems in- 
yolved. Plants almost universally require light or visible 
radiant energy. This is accompanied by ultraviolet and 
infrared energy. Therefore, these factors must be taken into 
account in dealing both with test and control specimens. 
This involves measurements that many investigators have 
not been able to make. The result is an absence of adequate 
data pertaining to the intensity and spectral character of 
the radiant energy used. In other words, the radiant energy 
is not adequately described, and much of the published 
work is of no quantitative value and of doubtful qualitative 
yalue. This is too often true in therapy and in other fields 
in which radiant energy is the important agency. 

A good deal of attention has been given to the short- 
wave radiant energy in daylight, particularly in the region 
of 42900 to 43200, which is generally absorbed by ordinary 
window glass of the usual thickness. However, when the 
results of the investigations are examined in detail and 
viewed collectively, the conclusion is that this ultraviolet 
energy is generally of little or no influence upon the ger- 
mination of seeds, the growth of seedlings and the maturity 
of plants. There are some indications that this short-wave 
ultraviolet energy may have some influence at high alti- 
tudes where it is more abundant due to less atmospheric 


absorption. But the other factors in the environment are 
325 
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also different than at lower altitudes so that no clear-cut 
proof has been forthcoming as yet. 

Underlying this entire matter of radiant energy and 
its influence upon plant life is the outstanding fact that 


sunlight and skylight have been powerful environmental 


factors under which plants in general have evolved. There- 
fore, it appears unlikely that, in general, there is something 
missing from, or harmful in, natural daylight. Of course, if 
the natural habitat of a plant is changed, artificial radiant 
energy of certain wavelengths might be beneficial or detri- 
mental. However, it is not surprising that no startling results 
have been obtained with normal intensities of ultraviolet 
energy in the region of A2900 to A3200. Those who are 
interested in the many investigations involving radiant 
energy will find that an excellent summary of its biological 
effects has been presented by Duggar.’ 

If one fully grasps the importance of natural daylight 
as an environmental factor during eons of adaptation and 


evolution of plant life, he can scarcely be surprised to find 


that ultraviolet energy shorter than 22900, in sufficient 
dosages, is harmful to plant life. If one considers the in- 
creasing erythemal effectiveness upon human skin, as the 
wavelength decreases from 2800 to A2500, he will not be 
surprised to find a similar increasing effect on leaves of 
plants. In Fig. 102 the lethal effectiveness of energy of 
various wavelengths, as determined for the leaves of tomato 
plants, is plotted along with the spectral erythemal effec- 
tiveness on average untanned white skin. Doubtless it iS 
more than a coincidence that the two curves are approxi- 
mately the same for energy of wavelengths beyond the 
solar spectrum. There is no reason to expect that the de- 
structive effect of radiant energy of various wavelengths 
should be markedly different for the superficial surface of 
tender leaves than for that of tender skin. 
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From the viewpoint of present knowledge, ultraviolet 
energy of wavelengths beyond the short-wave limit of the 
solar spectrum ts at least a lethal agency. With the increas- 
ing use of germicidal energy of A25 37 in killing air-borne 
micro-organisms, it becomes of practical interest to know 
what dosages are lethal to plants and the relative resistivities 


o 


wk 
x ERYTHEMAL EFFECTIVENESS 
M ON AVERAGE UNTANNED SKIN 


re) 
os 


LETHAL EFFECTIVENESS 
t¢— ON TOMATO PLANTS | 


Sipanue 
\ 
a Sms we 
op eet NS 


500 2600- 2700 2800 2800 3000 .3100 3200 
WAVELENGTH (ANGSTROMS) 


oO 
C92) 


§ 


9° 
fw) 


APPROXIMATE RELATIVE EFFECTIVENESS 


No 


Fic. 102. Spectral lethal effectiveness of ultraviolet energy for leaves of 
tomato plants compared with spectral erythemal effectiveness for aver- 
age untanned human skin. 


of various species. At least some idea of the threshold 
dosage and of the range of susceptibility of plants is neces- 
sary in dealing with germicidal installations. Energy of 
2537 is rather vicious in its effects upon living matter. This 
is also a relatively new tool. Possibly it may eventually be 
useful in killing undesirable organisms responsible for plant 
diseases. One might also hope that 1t might kal weeds with- 
out killing the grass in lawns. Such applications will have 
to await the results of much more work. 

In order to obtain some idea of the threshold dosages 
which are not harmful to plants and also some idea of the 
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variation in susceptibility of various species of plants, 2509 


plants of 19 different species were exposed individually ol | 


measured intensities of germicidal energy of 2537 for 
various periods of time. This energy is very readily ab- 


sorbed by most substances and in general it is not likely to 


penetrate far into plant structures. Owing to the fact that 


it must penetrate somewhat in order to destroy living 


matter, it is to be expected that the resistivity of various 
species will differ considerably because of the different 
degrees of protection afforded by the superficial coverings 
of leaves and other portions of the plants. In fact, for the 
same reason it is to be expected that different areas of the 
same plant will vary in resistivity to this energy. In other 
words, waxy coatings of leaves and fibrous surfaces of other 
parts should offer protection against a given dosage which 
might be lethal to thin tender leaves. 

_ The results of testing quite a number of individual 
plants of 19 different species indicate a range of resistivity 


or susceptibility of at least 1 to 50. This is about the 


range indicated for micro-organisms ranging from bacteria 
through fungi, spores, yeast cells, etc. In all tests 30-watt 
germicidal sources were used and measurements of energy 
were made by means of devices developed in the course 
of more than three decades of research by the author and 
his colleagues. | 

All the plants that were tested were raised from seed 
indoors. ‘here is some indication from relatively meager 
experiments conducted outdoors on lawn grasses and weeds 
that these are less susceptible in general than the same plants 
erown from seed indoors. Insufficient data were obtained 
for the outdoor plants to be certain of such a conclusion, 
but it would not be surprising if this were found to be true. 
It also appeared that when the plants were growing in a 
window which received abundant sunlight, they were 


somewhat more resistant than when growing in a window 
which received much less light from a patch of sky. 
GERMICIDAL ENERGY AND TOMATO PLANTS 


Among the different species exposed individually to 
known intensities of germicidal energy for various periods 
of time, tomato plants were the most susceptible to energy 
of 42537. Therefore, several hundred tomato plants were 
exposed individually to intensities of germicidal energy 
varying from 0 to 50 microwatts per sq. cm. for periods of 
time varying from 0 to 500 hours. A good deal of attention 
was concentrated on intensities varying from 0 to 2 micro- 
watts per sq. cm. In using germicidal energy for disinfect- 
ing the upper strata of air in rooms, a slight amount Is 
reflected to the lower occupied area. From the available 
knowledge, it has been concluded that a fraction of a 
microwatt per sq. cm. impinging upon the skin or eyes for 
long periods 1s permissible. 

Tentatively, a permissible value of 0.5 microwatt per 
sq. cm. has been established for continuous 8-hour exposures 
of human occupants. For continuous 24-hour exposures of 
infants in hospitals, the tentative permissible value is 0.1 
microwatt per sq. cm. The permissible exposure or dosage 
for 8-hour occupancy is 240 microwatt-minutes per sq. cm. 
This is less than an equivalent MPE dosage in 8 hours. 

It appeared sufficient for the primary purpose of the 
investigation to note the appearance of the leaves and to 
describe the degree of injury. Naturally, plants of the same 
species raised under the same conditions differ somewhat. 
The measurements of germicidal energy were made at the 
plants, but the different orientations of the leaves varied 
the intensity at their surfaces. These variations, combined 
with the criterion of appearance of observable damage, do 
not conspire for high accuracy. However, by testing many 
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plants individually, a fairly dependable dividing line be- 
tween slight damage and severe injury, from which the 
plant cannot recuperate, can be established. 

In Table XXXVIII typical results are presented for 


continuous exposure to the intensities of germicidal energy 


TABLE XXXVIII 


Effects of Germicidal Energy of 42537 on Typical Tomato Plants Exposed 
Continuously to Different Intensities for Different Periods of Time 


Microwatt- 
Microwatts Hours Minutes Injury 
per Sq. Cm. Exposed per Sq. Cm. to Leaves 

0.27 87 1410 severe 
.30 69 1240 slight 

34 69 1370 severe 

53 69 2200 severe 

i3 69 2200 severe 
1.6 1 1080 slight 
3.6 5 1080 slight 
4.4 4, 1080 severe 

62 /: 3 1080 severe 
12 153 960 slight 
12 2 840 slight 
18 1 800 slight 
44, a3 880 slight 
500 1.7 875 slight 


indicated. These data were chosen as representative of sev- 
eral hundred tomato plants that were individually exposed 
and observed. They show typical variations in the results 
of exposure of various plants. It required about 15 hours 
for the injury to develop fully after it had been inflicted. 
Therefore, examinations for injury were commonly made 
the day after exposure. The plants exposed continuously to 
very low intensities were examined daily. 

From the large number of tomato plants exposed to 
intensities of energy of 42537, varying from 0.27 to 44 
microwatts per sq. cm. for continuous periods varying 
from 87 hours to 20 minutes, it appears that an exposure of 
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800 or 900 microwatt-minutes per sq. cm. causes a slight 
but definite injury to the leaves. Exposures not much greater 
than 1000 microwatt-minutes per sq. cm. caused such severe 
injury to the leaves that the plants usually died. 


Fic. 103. ‘The upper group illustrates the effect upon young tomato 
plants of a total exposure of 1080 microwatt-minutes per sq. cm. of 
energy of \2537. The left-hand control plant received none of this 
energy. With the exception of left-hand plant, the lower group re- 
ceived dosages greater than 1240 microwatt-minutes per sq. cm. 


In Fig. 103 are illustrated typical results with two 
groups of young tomato plants. The upper group was ex- 
posed continuously to germicidal energy for a total dosage 
of 1080 microwatt-minutes per sq. cm. All the plants re- 
ceived abundant daylight in a window and were treated the 
same excepting for exposure to germicidal energy. The 
plant on the extreme left received no energy of A2537. The 
other plants from left to right were exposed from one side 
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to intensities of germicidal energy of 6.75, 4.43, 3.6, 1.64, 


and 1.6 microwatts per sq. cm. The corresponding periods 


of exposure to these intensities were 160, 243, 300, 660, and 
675 minutes. At the end of the periods the injuries to the 


plants may be described, from left to right, as none, severe, — a 


severe, slight, slight, very slight. It will be noted that for 


the lower intensities of energy of A2537, the same total 


dosage produced less injury than for the higher intensities, 
A good deal of evidence of this sort appears to indicate 
that the reciprocity law begins to break down at these low 
intensities for young tomato plants. 

In the lower group of Fig. 103 the young tomato 
plants, excepting the control plant at the left-hand end, 
were exposed from one side to intensities varying from 
0.27 to 0.53 microwatt per sq. cm. for various periods of 
time. All the exposures were greater than 1240 microwatt- 
minutes per sq. cm. and all the plants were severely damaged. 

A continuous exposure to 0.1 microwatt per sq. cm. 


commonly produced a slight injury which generally did _ 


not kill the young tomato plants. At any rate those that 
were exposed continuously to this intensity for 500 hours 
were only slightly damaged, and they continued to grow 
when located in a window receiving abundant daylight. 
This exposure totals 4200 microwatt-minutes per sq. cm. 
Apparently at this relatively low intensity the reciprocity 
law breaks down. At higher intensities of germicidal en- 
ergy, slight injury was commonly produced by 900 
microwatt-minutes per sq. cm. 


It is seen that a young tomato plant grown indoors 


from seed is a rough indicator of the permissible intensity 
to which human occupants of a room may be exposed for 
long periods. It will be recalled that 0.5 and 0.1, microwatt 
per sq. cm. have been tentatively established as permissible 
intensities, respectively, for 8-hour and 24-hour continuous 


‘Ultra 
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q Sia of air are being disinfected with germicidal energy. 
_ If young tomato plants are located in the region occupied 
B by human beings and they are not injured, apparently 
human eyes and skin will not be noticeably affected. 
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sures of human beings in rooms in which the upper 


In Plate XII is illustrated the effect upon young tomato 
Jants exposed continuously to different low intensities of 
eermicidal energy of 42537. The shelves were built in a 
window exposed to abundant daylight. The lowest shelf 
was 3 feet above the floor and the highest shelf was 8 feet 
above the floor. A 30-watt germicidal source was located 
on the other side of the room 7 feet above the floor. It was 
installed in a germicidal fixture which emitted no energy 
below the horizontal plane. The intensities of germicidal 


energy ranged from 1.9 microwatts per sq. cm. on the 


highest shelf, on which the young tomato plants were 
located, to 0.14 microwatt per sq. cm. on the lowest shelf. 
All the tomato plants were originally of the same age and 
size. They received the same amount of daylight and the 
same treatment in every way excepting for the different 
intensities of germicidal energy to which they were con- 
tinuously exposed. 

The photograph reproduced in Plate XII was made at 
a time when the tomato plants on the highest shelf were 
practically dead from 24 hours of exposure to 1.9 micro- 
watts per sq. cm. The plants on the lowest shelf were only 
slightly damaged after 500 hours’ exposure to 0.14 micro- 
Watt per sq. cm. Slight injury of the plants on the other 
shelves occurred after 38, 49, 66 and 140 hours of continu- 
ous exposure to intensities, respectively, of 0.67, 0.44, 0.31 
and 0.19 microwatt per sq. cm. Similar shelves were in- 
stalled in a window of the same exposure in an adjacent 
room. [hese control plants developed equally and normally 
on all the shelves. 
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The effect of intermittent exposures was studied by 
daily dosages. Young tomato plants exposed 3 minutes daily 
for 21 days to an intensity of 50 microwatts per sq. cm. of 
energy of 2537 were only slightly damaged. The total 
dosage was 3000 microwatt-minutes per sq. cm. Those 
exposed 4 minutes daily to the same intensity for 21 days 
were severely damaged by the total dosage of 4000 micro- 
watt-minutes per sq. cm. If enough plants are tested, a 
rather sharply defined boundary becomes apparent be- 


tween exposures that are fatal and those from which young 


tomato plants can recuperate. 

Daily 8-hour exposures of tomato plants to 0.53 
microwatt per sq. cm. on 4 successive days caused definite 
injury. The total dosage was 1020 microwatt-minutes per 
sq. cm. Apparently, 8-hour daily exposures are about as 
harmful as equivalent continuous exposures. This is not 
true of brief daily exposures from which the plants have 
time to recuperate during the long intermissions. 


EFFECT ON VARIOUS SPECIES OF PLANTS 


Besides the large number of tomato plants, 18 other 
species were exposed to germicidal energy. The number of 
individual plants of these species varied considerably but 
was generally adequate for the immediate purpose of the 
investigation. Most of the plants were young and were 
grown from seed. The exceptions are the coleus, chick- 
weed, sedum, dandelion and parsley. These were fairly 
mature plants. 


In Table XXXIX are the average results obtained with — 


the various species. The average intensity of energy of 
2537 is indicated in each case. In the last column is the 
approximate dosage or exposure which caused a slight 
observable damage. The maximum dosage from which the 
plants could recuperate from the injury caused is appar- 
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ently about twice that which caused a slight observable 
damage. This appeared to be approximately true for all the 
species excepting the tomato plants and possibly the coleus 
slips and leaves. With these the differential appeared to be 


TABLE XXXIX 


res to Energy of A2537 Which Resulted in a Slight Damage 


Approximate Exposu 
to Growing Plants of Various Species 


Microwatt- 
Microwatts Minutes 
Species per Sq. Cm. per Sq. Cm. 

MEGINALO io cps asad otees sustelets ¢ 44 8380 
(Woleus SIPS). ses. Saree ees tS 150 900 
Coleus leaves". 205 te 200 4,300 
Wettuces eke Me ee a 150 1,200 
Beans; -DUSNecie wisic Le oh ae 250 2,500 
' Chickweed, common........ 250 7,500 
[WY Ea Tete) Co Hire ae ee eae a 250 8,000 
Calendula scc ee Os waeioare 300 9,000 
ARHICAN! CaiSy i), siie css. 3 068s : 400 10 ,000 
Sequin Acre sain ee ce ines 400 10,000 
MWahtOws cs diare Sas seit are one 400 12 ,000 
Meimothyeicis wore). ree has 250 15,000 
Dandehons yan ete owe att oa 300 19,000 
Greeping bent. ols ho ee 170 20 ,000 
PEDDenican cities salaciees sree 250 20,000 
LEE Tai at 0 Maen ae rs Rely eae Paes 350 21,000 
Chickweed, Mouse-ear....... 190 22 ,000 
1s Dic sae a cea esi Nate ease see FE 300 22,000 
PArsley ae Melty re cere Ono taate 400 24,000 


eVsiediler oh gestae a see oat re tece 45,000 


much smaller as seen in the previous section for tomato 
plants. 

From the evidence obtained with 2500 plants of 19 
different species, 1t appears plants will not be damaged by 
the small permissible dosages or exposures of occupants of 
a room whose upper stratum of air is being disinfected by 
germicidal energy. In fact, it appears that most plants can 
withstand greater dosages than those to which human occu- 
pants should be subjected. Young tomato plants are rela- 
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tively much more susceptible to this energy than the othe; 
potted plants that were tested. It 1s possible that other 
species are quite as susceptible. In any case, care should be 
exercised where plants are involved, for probably there are 
few species that can withstand long exposures even to 
moderate intensities of germicidal energy. Apparently 
young tomato plants are conservative indicators of permis- 
sible intensities of germicidal energy to which human eyes 
and skin can be safely exposed. 

The germicidal sources of energy of 42537, which are 
being extensively used, may also be considered to be new 
tools by those interested in the biology of plants. It is quite 
probable that this efficient source of lethal energy will be 


used in many researches. It is easy to imagine that it may 


eventually find some special uses in destroying certain 
organisms detrimental to plants without damaging the 
plants. Radium and X-rays are serving in an analogous 
manner in destroying undesirable cells without destroying 
the normal ones. 


THE EFFECT OF OZONE 


Sources of germicidal energy produce more or less 
ozone. In fact, the designer of these sources is confronted 
with obtaining a high production of energy of 2537 with- 
out transmitting too much ultraviolet energy of shorter 
wavelengths which produces ozone. The production of 
ozone and permissible concentrations of it in the air 
breathed by human occupants are discussed in Chapter 
VIL. Here we shall deal with the effect of ozone on plants. 
Primarily we are concerned with the effect of concentra- 
tions of ozone which are produced by germicidal installa- 
tions in interiors that may be occupied by plants as well as 


by human beings. 


ee 
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pt 


D yuraviolet Energy and Plant Life oy) OSE 


Considerable work has been done with ozone in rela- 
‘on to its effects upon fruit in storage, upon certain spores, 
and various other aspects of plant life and growth. The 
results are somewhat conflicting, but there appears to be 
evidence * that peaches and bananas are injured by concen- 
trations of ozone of the order of 200 parts per 100 million 

arts of air. It also appears that 4000 parts of ozone in 100 
million of air may retard ripening. These glimpses are 

iven merely for the sake of comparison with 10 parts of 
ozone in 100 million parts of air which has been tentatively 
established as permissible for breathing. Incidentally, it is 
seen in Chapter VIII that this low concentration of ozone 
is achievable with germicidal installations, the purpose of 
which is to disinfect air in the room. In general, any harm- 


ful effects of ozone in the vegetable kingdom are associated 


with relatively high concentrations of ozone which are 
many times greater than the 10 parts of ozone per 100 
million which is a conservative value for breathing air. 

In order to test the effect of ozone produced by ger- 
micidal lamps, 150 young growing plants of 10 species 
were installed on shelves in vertical northwesterly windows 
which received light from the entire quadrant of sky. 
These windows were in adjacent rooms and the environ- 
ment and treatment of the plants were the same excepting 
for concentrations of ozone in the air. Plants grown from 
seeds were aster, lettuce, marigold, tomato, pepper, zinnia, 
petunia, red top and ageratum. Coleus slips were grown in 
a liquid solution of chemicals. All the other plants were 
young and were growing in pots. 

The plants were divided into three identical groups 
of 50 each and one group was similarly placed on shelves 
in each of the large northwesterly windows in adjacent 
rooms. The upper part of each room was irradiated con- 
tinuously with the energy from one 30-watt germicidal 
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source which was adequate for disinfecting the air. The 
rooms were 14 ft. by 17 ft., with a 12-foot ceiling. One 
room was used as a control with a normal concentration 
of ozone as produced by a regular 30-watt germicida] 
source. | | 

To obtain a higher concentration in the second room, 
additional ozonized air was produced by a potent germicj- 
dal source and this was exhausted into the tightly closed 
room. This resulted in an intermediate concentration of 
ozone considerably higher than that desirable for breath- 
ing air. 

In the third room, highly ozonized air was supplied to 
the plants in the window by sealing off the shelves from 
inside the room but leaving the plants fully exposed to the 
skylight as in the other two windows in the other two 
rooms. A very potent 30-watt germicidal source was en- 
closed in a box and it produced ozone at a much higher 
rate than the regular 30-watt germicidal sources. This air, 
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with its high concentration of ozone, was blown at a rate 


of 40 cu. ft. per minute into the sealed space where the 
plants were located. 

As a result of these conditions, identical sets of 50 
plants of 10 species each were located in identical windows 
and each set received the same exposure and treatment 
excepting that the concentrations of ozone were normal, 
intermediate, and excessive. No accurate measurements of 
the concentrations were made for they were not necessary 


to the primary purpose of this investigation. In the second 


and third rooms the concentrations of ozone were much 
greater than occupants would be content to breathe 
continually. 

Six species of seedlings and the coleus slips were ex- 
posed continuously for 14 days, and 9 species of trans- 
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BD Ulir 
jants were exposed for 22 days. None of the plants, with 
the exception of tomato seedlings and transplants, appeared 
+o be harmed by the normal and intermediate concentra- 
tions of ozone. Most of them were not harmed by the 
excessive concentration of ozone. Only the tomato plants 
appeared to be definitely damaged by the high concentra- 
tion and probably by the intermediate concentration of 
ozone. Aster and marigold seedlings and transplanted pepper 
and zinnia plants actually appeared to be benefited by the 
highest concentration of ozone. No stress is laid upon the 
apparent benefits to some of the species. However, it 
appears that much greater concentrations of ozone than 
would be tolerated by human occupants did not harm any 
of the 10 species of plants which were tested. 

Apparently tomato plants are among those that are 
adversely affected by high concentrations of ozone. The 
upper group in Fig. 104 illustrates tomato seedlings exposed 
from left to right, respectively, to excessive, intermediate 
and normal concentrations of ozone in terms of concen- 
trations produced by germicidal installations in occupied 
interiors. The lower group illustrates marigold seedlings © 
under the same conditions. There was little doubt that the 

| appearance of the seedlings was definitely best after an 
exposure of 336 hours to an excessive concentration of 
ozone. How definite this benefit is can scarcely be answered 
by these limited tests. 

This investigation should be viewed only as a recon- 
naissance, and about the only conclusion that 1s justifiable 
is that the concentrations of ozone produced by properly 
designed germicidal installations do not harm plants in gen- 
eral. There may be exceptions, but it 1s doubtful whether 
plants are harmed by 10 parts of ozone in 100 million parts 
of air. This is only about 10 times the average concentra- 
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tion of ozone outdoors and is about twice the value which 
has been measured on some days outdoors. 


ing the air in other ways as electric arcs and discharges do. 
They can be made to produce ozone even far more rapidly 
than the regular sources do at the present time. Here again 
they are new tools which may intrigue plantologists and | 
others interested in plant growth, storage of fruit and other 


phases of vegetable life. 


EXCESSIVE INTERMEDIATE NORMAL 


Fic. 104. Illustrating the effect of ozone concentrations on the growth 
and appearance of tomato seedlings (upper row) and marigold seed- 
lings (lower row). Excessive and intermediate concentrations affected 
tomato plants adversely. Excessive concentrations appear to benefit the 
marigold seedlings. 


Whether the benefits to some plants of high concen- 
trations of ozone is significant or important is incidental 
from the major viewpoint of this discussion. However, 
these new germicidal sources produce ozone without vitiat- 
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Radiant Energy in Common IIuminants 
Wo ee eee 


THERE ARE various reasons for discussing and comparing 
natural and artificial illuminants. All living things on earth 
evolved under the radiant energy from the sun and sky 
outdoors, including human beings and their eyes and skin, 
Therefore, artificial illumimants are inevitably compared 
with natural daylight. To be safe, their short-wave spectral 
limit must not extend significantly beyond 42900. To be 
suitable for general use, they must not depart too much in 
spectral distribution of energy from that of the extremes 
of sunlight or skylight. Also they must have a continuous 
spectrum to be satisfactory for color discrimination. 
Natural and artificial illuminants in common use are of 
interest from the viewpoint of this book for the primary 
reason that light for seeing 1s accompanied by ultraviolet 
energy. Oddly enough, with few exceptions the ultraviolet 
energy which accompanies natural light is commonly 
applauded for its beneficial effects, but that present in 
common illuminants, when considered at all, is likely to be 
suspected of being harmful to the eyes and sometimes to 
the skin. This perversity 1S particularly interesting when 
one reflects that normal healthy human beings have suffered 
from severe “sunburn” and “cnowblindness” from exces- 
sive exposure to the ultraviolet energy in natural daylight, 
but they have had no such experiences with common 
artificial illuminants in general use. 
The author has long been concerned with limiting the 
spectral range of artificial light for general use to that of 
outdoor daylight and with keeping the intensity of bio- 


logically-effective ultraviolet energy, which accompanies 
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q ficial light for seeing, well within the safe limits for 
i ; es and skin. On the other hand, he has been interested 


for more than three decades in the possibility and practica- 
pility of providing the beneficial effects of natural daylight 


“py means of common artificial illuminants while they are 


serving in their primary role of providing light for seeing. 
4 If we accept this dual role of natural sunlight and sky- 
+ jight outdoors, there is no reason for not recognizing and 
:, ccepting q similar role for an artificial illuminant. The 
problem merely resolves itself into developing an artificial 
" jJluminant that can qualify for the dual role. Until such an 
; illuminant is available, the two roles may be played, respec- 
tively, by an illuminant suitable for seeing purposes and 
' by another source of radiant energy which supplies the 
 . desirable biologically-effective ultraviolet energy. 

4 In considering the harmful and beneficial effects of 
- the component of ultraviolet energy in common illumi- 
nants, visible and infrared energy become involved. There 
are such matters as comparison of the spectral distributions 
of the visible energy in natural and artificial illuminants, of 
the intensities of illumination encountered or practicable, 
and of the desirable and undesirable contributions of infra- 
red energy. Many misunderstandings, baseless theorizings 
and erroneous conclusions in regard to these various asso- 
ciated factors of common illuminants are born of a lack of 
_ quantitative measurements and failure to recognize certain 
_ established facts and principles. These can only be clarified 
_ by means of quantitative measurements combined with 
adequate knowledge of the complexities of biological and 
other effects of radiant energy, and of the involved facts 
and relationships of light, vision and seeing. These are not 
realms in which superficial knowledge and experience are 
dependable or in which conclusions can be safely formu- 
lated without quantitative measurements. Furthermore, 
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mere opinions have no more weight in these realms thay 


they have elsewhere. 


Here it is well to point out that spectrograms such ag _ 
are illustrated in Plates I and III are commonly misintep_ — 
preted. At best they do not present quantitative values, To _ 


the expert they are valuable. Long exposure may record 
energy of certain wavelengths which is entirely negligible 
from a quantitative viewpoint. Over-exposure will also 


extend the spectrum beyond its significant limits when the 


energy 1s actually considered quantitatively. : 
The advent of a new source of artificial light com- 


monly results in various suspicions and complaints. This is { 


sometimes true in a lesser degree when a radical change in 
a lighting installation is made. Anyone who has witnessed 
various major advances in light-production, in level of 


illumination, and in systems of lighting, and who has been a 


in a position to receive inquiries and complaints, knows 
that most of these are quite unwarranted on either a 
factual or a theoretical basis. Many appear to spring from 
a confusion of glare with a meager acquaintance with the 


known facts of radiant energy. Confusion of this sort can _ 7 
only be dissipated by quantitative measurements and expe- 


rienced observation and analysis. Complaints of fluorescent 
lighting which have any factual basis are generally found 
to be due to glare from bare lamps in the visual field or to 
other violations of the principles of good lighting and seeing 
conditions. Those which involve indictments of the radiant 
energy emitted by fluorescent lamps find no support in 
knowledge, in extensive experience or even in sound theory. 

Many in the lighting industry recall the suspicions 
which arose several decades ago when the Cooper-Hewitt 


mercury-are was introduced for lighting purposes. It was a 


accused of emitting ultraviolet energy in quantities harmful 
to the eyes and even to the skin. Its discontinuous spectrum 
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“was also suspected, on the basis of vague unsupported 
theory, of being detrimental to the visual sense. Even the 
_ jnfrared energy emitted by filament lamps has been accused, 
and still is occasionally, of harmful biological effects, not- 
_ withstanding the fact that no such effects have been estab- 
‘Jished for exposures to infrared energy far greater than 
those experienced in lighting for seeing. 

Bm «Even the relatively meager, and spectrally limited, 
"ultraviolet energy emitted by tungsten-filament lamps has 
| been seriously accused of being harmful to the eyes. Bulbs 
i of special ultraviolet-absorbing glass and even “protective” 
"eyeglasses were advocated by some individuals in the early 
q part of the tungsten-lamp era. When the blue-green bulb 
' converted the tungsten-filament lamp into a socalled 


“ 
4 


_ “daylight” lamp, there was a minor flood of suspicions and 
> complaints. Many of these were ridiculous in varying de- 
grees. The light was accused of being too bluish in color 
_ when, as a matter of fact, it is yellowish compared with 
g sunlight. This supposedly bluish light was falsely accused 
| as the cause of various real or imaginary effects. 

There are no more fruitful fields for quacks and 
quackery than those of light, color and radiant energy. 
There have been extensive promotions of socalled color- 
_ therapy notwithstanding the lack of a scientific foundation 
q of acceptable proof. Tinted eyeglasses are recommended 
: q where they are not needed. Colored eye-protecting glasses 
» are serving well in arc-welding and elsewhere, but their 
a need is often exaggerated in various fields. (See Plate XIII.) 
_ A certain illuminant may possess definite advantages 
in specific applications involving appearance of colors, 
‘ esthetic considerations, or the ability to blend well with 
1 daylight. However, common illuminants suitable for gen- 
4 eral use do not differ significantly in their contribution to 
q visibility. Green light or paper is not “easier on the eyes” 
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as determined by any known criterion. Purely monochyp_ — 


matic light, such as sodium light, excels in revealing very 


small details of high contrast, but this advantage does not 4 § 


extend to objects of relatively large visual size. Obviously 


a monochromatic light is not suitable for general use for the _ 
reason that all colors are reduced to shades of the color of — 


the illuminant.” ! 


ENVIRONMENT AND EXPOSURE 


Too often two basic facts are ignored. One is thap 7 


natural sunlight and skylight, and Nature’s brightnesses and 
brightness-distributions, have been environmental factors 
throughout the eons during which life evolved on earth, 
The other basic fact is that any harmful or beneficial effect 


is the result of exposure Et which is the product of intensity 


and tie. 

Human beings, and their eyes and skin, are the prod- 
ucts of eons of evolution and adaptation to environment, 
There are many known details which support this generali- 
zation not only for human beings but for all living things, 
Probably there are many unknown details which eventually 
will further reveal the influences of adaptation and the 
benefits of radiant energy from the sun and sky. 

Human eyes did not evolve behind protective eye- 
glasses and it is ridiculous to assume or to claim that there 
is harm in ordinary exposures of normal eyes and skin to 
outdoor daylight. Of course, one may suffer from excessive 
exposure just as one pays penalties for other excesses. There 
are pathological eyes and skins, but we are dealing with the 
overwhelming percentage of normally healthy or near- 
healthy human beings. We do not give insulin to everyone 
merely for the reason that a relatively few need it. 


Statements to the effect that skylight is too blue, that 7 


human eyes need protection from the ordinary brightnesses 
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“outdoors and that energy of certain wavelengths in sunlight 
D and skylight is harmful are specific denials of the great 
“principles of evolution and adaptation to environment. In 
: effect they are indictments of powerful natural forces be- 
‘side which man 1s insignificant. But this does not effectively 
~ curb man’s egotism, particularly if it is incited by the valor 
of ignorance. In the absence of any facts which would lead 
“us otherwise, we must use natural illuminants and their 
"effects in our safety code. Quantitative measurements will 
“reveal the thresholds for safety and the boundary between 
peneficial and harmful exposures. 
q As one continually surveys the scientific and technical 
“jiterature, too often he finds that lack of quantitative meas- 
© wrements renders otherwise excellent work of little or 
q doubtful value. Many such cases are to be found in studies 
of physiological and other effects of ultraviolet energy. A 
recent one will suffice as an example. Wolf °° exposed the 
a eyes of baby chicks to “the intense radiation” from three 
© 250-watt AH-5 mercury-arcs located at eye-level and only 
; a short distance away. Exposures were standardized at 60 
“minutes. Apparently he had removed the glass bulbs from 
the lamps so that the unfiltered energy was that of a quartz 
_mercury-arc. He used various filters, including certain ones 
q suitable for use by arc-welders. He did not present meas- 
' urements of these excessive intensities, but he concluded 
| that ultraviolet energy of 43650 and shorter wavelengths is 


a 
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Seem harmful. Of course, such energy cam be harmful in exces- 


" sive dosages. If he had filtered out all the ultraviolet energy 
_ from sunlight and had focused an image of the sun on the 
1 eyes for a long enough period, he could conclude that the 
_ visible energy in sunlight can be harmful. Certainly he 
_ would scarcely have come to the conclusion that we must 
"not look out of a window or go outdoors without the pro- 

' tection of very dark glasses. Wolf concluded that if the 
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transmission of the media of human eyes is similar to that ; 
of the chick’s eyes, “the visual mechanism is impaired by ' 
ultraviolet light between 43000 and 3650.” He further 


states that “Protective means for the eye should, therefore 


be filters which absorb the ultraviolet up to A3650 oF ; 


a 


sufficiently to prevent injurious effects.” 


Such careless unqualified conclusions would not haye j 


reached the printed page if he had made quantitative meag_ 
urements and had been adequately impressed by the fact — 


that harmful effects, as well as beneficial effects, depend 7 


not only on intensity E but also upon time ¢. There is q 
threshold dosage Ez in any given case which is on the 
boundary line between harm and no harm or between 
benefit and no benefit. Certainly this is adequately proved 
for energy of all wavelengths in natural sunlight. If the 


spectral range of ultraviolet energy in artificial illuminants 
does not exceed that of natural daylight, we have little to ~ 


worry about. The designer of artificial light-sources can 
easily control this. If he properly limits the spectral range 
and the amount of biologically-effective energy per lumen 
or per footcandle of light, he has on his side the powerful 
forces of Nature—and even his Creator. 


ULTRAVIOLET RADIANT ENERGY 


Equipped with special ultraviolet-transmitting glass, 
tungsten-filament lamps provide enough biologically-effec- 
tive energy to be useful. However, their erythemal effi- 
ciency is relatively low and tungsten lamps with bulbs of 
ordinary glass do not emit sufficient ultraviolet energy to 
be harmful in ordinary approved usage. Therefore, the 
present discussion is initially limited to a comparison of the 
light and ultraviolet energy, shorter than 43150, emitted by 
common fluorescent lamps with that from the sun and sky 
outdoors. 
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' The intensity and spectral range of erythemal energy 
’ emitted by fluorescent lamps depend upon the composition 
‘gnd thickness of the glass tube or envelope and upon the 
i characteristics of the phosphors with which it is coated 
inside. No reputable manufacturer would make a light- 
source available for general use without adequately con- 
“rolling the output of ultraviolet energy. Nevertheless, 
“ Auorescent lamps have been extensively subjected to unjust 
: claims and suspicions. Some eyesight specialists and others 
" have advocated tinted eyeglasses to “protect” the eyes from 
the ultraviolet energy which they have neither measured 
nor compared with that encountered outdoors in the day- 
time. Even if these lamps did emit some ultraviolet energy 
~ somewhat shorter than 42900, ordinary colorless eyeglasses 
_ would afford sufficient protection from these intensities of 
7 erythemal energy which are meager compared with those 
outdoors. 
‘The spectrum of natural daylight ends in the ultra- 
| : violet region somewhere between 42900 and 43000, depend- 
_ ing upon atmospheric conditions, time of day, season of the 
4 year and altitude above sea-level. There are some relatively 
weak mercury “lines” at 42925, 42894 and A2804 that could 
be transmitted by a special glass to increase the erythemal 
efficiency appreciably. However, the energy of these wave- 
_ lengths whichsis emitted by ordinary fluorescent lamps is 
' negligible in ordinary usage. 
. Most of the erythemal effectiveness of ultraviolet 
{ energy is due to wavelengths shorter than 13150. There- 
_ fore, to provide the most sensitive comparison of common 
 illuminants, only the energy shorter than 43150 is used in 
_ the present discussion. ‘This range encompasses the charac- 
' teristic energy of 43132 in the mercury spectrum. 
| Sunlight and skylight vary considerably even on clear 
_ days and the output from fluorescent lamps varies with the 
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thickness of the glass, but the data presented in Table Xi 1 


are sufficiently representative for the present purpose, Such 


measurements *’ are the result of many years of develop. | 


ment of devices and techniques in which one of the author’. 
colleagues, A. H. Taylor, has made many contributions, ag 
discussed in Chapter XV. 

In the upper part of Table XL the measurements are 
presented in microwatts per sq. cm. for energy shorter than 
43150 for the levels of illumination indicated for the various 


illuminants. It is seen that this erythemally-effective energy : ; 


is commonly more than a hundred times greater on a clear 
day outdoors during the midday hours in summer than it is 
for 50 footcandles of direct or unreflected light from 
40-watt 3500° white fluorescent lamps. The ultraviolet 
energy shorter than 43150 emitted by 6500° daylight fluo- 
rescent lamps is about 2.3 times that from the white fluores- 
cent lamps. This energy is not reflected efficiently by most 
surfaces. Therefore, unless aluminum reflectors are used, 
this component of energy is generally greatly reduced in 
the reflected light. 

In the lower part of Table XL the ultraviolet energy 
shorter than 3150 is erythemally weighted. Thus these 
values represent a better picture of the effects upon the 
skin and the conjunctiva. The values in the third column 
indicate that sunlight and skylight on a clear day during 
the midday hours in midsummer are commonly several 
hundred times as erythemally effective as 50 footcandles of 
direct light from 3500° white fluorescent lamps. 

In the last column of Table XL are presented the 
actual and relative values of ultraviolet energy shorter than 
43150 per footcandle. When the footcandle intensities ot 
sunlight, skylight and fluorescent light are multiplied by 
these factors, it is seen that there is no factual basis for 
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“worry about the ultraviolet energy from fluorescent lamps 
q for levels of illumination many times greater than 50 foot- 


~ candles. In fact, workers in lamp factories exposed several 


TABLE XL 
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4 Intensity of Ultraviolet Energy Shorter Than 43150 Measured in Microwatts 
Mee, Sq. Cm. for Certain Levels of Illumination During the Midday Hours on 
te ar Days in Summer, Compared with That from 40-Watt 3500° K. White 
at Fluorescent Lamps 


j a. Direct sunlight 
‘ b. Skylight, clear blue sky 


c. Sunlight plus skylight 
d. Direct fluorescent light, 3500° K. 


Intensity of ultraviolet energy shorter than \3150 
Microwatts per Sq. Cm. 


Foot- Microwatts per Sq. Cm. per Footcandle 
candles Actual Relative Actual Relative 
2 sae 6600 56 70 0.0085 0.53 
Dee. 1900 1 AP 146 0.0620 3.85 
oo a 8500 173 216 0.0205 1.28 
Be: i, ; 1 0.0160 1.00 


: Note: Most surfaces do not efficiently reflect ultraviolet energy shorter 
than 3150. Therefore, the footcandles due to reflected light are generally ac- 
~ companied by relatively little of this erythemally-effective energy. 


Iniensity of ultraviolet energy shorter than 3150 erythemally weighted 
Microwatts per Sq. Cm. 


Foot- Microwatts per Sq. Cm. per Footcandle 
candles Actual Relative Actual _—- Relative 
aes. 6600 R5 214 0.00114 1.63 
eee: 1900 15.6 450 0.00820 1137 
Gee cis 8500 23.1 660 0.00272 3.88 
Bre: : 0.00070 1.00 


q Note: A six-year record of erythemally-weighted ultraviolet energy in day- 
light indicates that in midwinter it is about 0.1 that in midsummer at 40° N. 
latitude. . 
_ hours daily to 600 footcandles of light directly from fluo- 
_ rescent lamps have suffered no effects attributable to ultra- 


Me 


a violet energy. Actually in this extreme case the intensity 
_ of erythemally-weighted ultraviolet energy upon their eyes 
_ is much less than the intensity to which their eyes are 


_ exposed outdoors during midday on a clear day in mid- 
_ summer. 
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The intensity of erythemally-weighted ultraviolet en_— 


ergy on the earth’s surface due to skylight is often greater | 
than that due to direct sunlight during midday.” In fact q 

e > 
on clear days the sky contributes about as much as the su, 


during the entire day. This is indicated in Table XL ang 1 


Chapter II, but an example is helpful. | 


If a person is standing outdoors on a clear day during 


the midday hours in summer with his back to the sun, the q 


level of illumination at the vertical plane of his eyes ma 


be 500 footcandles due to light from half of a clear blue _ 
sky. The ultraviolet energy, shorter than 43150, per foot- — 


candle of direct skylight, may be about 3.85 times as great 


as that accompanying one footcandle of direct light from. a 


white fluorescent lamps. ‘Therefore, from this viewpoint 
the 500 footcandles of direct light from the sky are accom- 


candles of direct light from white fluorescent lamps or 
about 840 footcandles of direct light from daylight fluores- 
cent lamps. No person with normal eyes and skin ever 
suffered from being exposed to 500 footcandles of skylight 
outdoors for long periods. 


Considering, in addition to this, the fact that most 


reflecting surfaces have low reflection-factors for this ultra- 
violet energy shorter than 43150, there is no factual basis 
for suspecting that fluorescent lighting can possibly be 
harmful to normal eyes and skin. Much of the light reach- 
ing the eyes 1s commonly reflected from various surfaces 
and is often transmitted through materials which absorb 
erythemally-effective energy. Obviously, fluorescent light- 
ing is safe for levels of illumination many times greater 
than those of the best fluorescent lighting practice of the 
present time. If the comparison with skylight is made on 
the basis of erythemally-weighted ultraviolet energy, as 
indicated in the lower half of Table XL, it is apparent that 


a: 
a 


panied by as much of this ultraviolet energy as 1925 foot- 7 | 
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Radian 
several thousand footcandles of fluorescent light would be 
no more “harmful” than 500 footcandles of natural light 
‘during midday ona clear midsummer day. 

It is possible that the conjunctiva may lose some of its 
; daptation to ultraviolet energy, just as skin does, during 
the winter months when the sun is at low altitudes and 
"relatively less time is spent outdoors. However, it should 
“pecome adapted again just as the skin does outdoors. It 
seems strange that vernal conjunctivitis, occurring in the 
“spring, has been attributed to many other causes and the 
 yitamin era has added new speculations involving deficien- 
cies. However, a simple explanation might be found in the 
"fact that the conjunctiva, as well as the skin, has tempo- 
"sarily lost some of its resistivity due to being predominantly 
indoors during the winter. If this is true, apparently it soon 
> becomes adapted again as normal skin does. Also there is 
always the possibility of an abnormality of the skin or of 
the eyes in some cases which might make a person super- 
" sensitive and which may lead to erroneous generalizations. 
If such a person experiences trouble under fluorescent 
lighting, he should suffer severely if exposed to skylight 
| : outdoors even for a short period of time. Thus it is seen 
: that daylight provides a sort of reference point or plane 
=~ for many considerations of artificial conditions. 
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TP -PossiBLE BENEFITS FROM FLUORESCENT LAMPS 


4q Now let us consider briefly the possibility of providing 
_ physiological benefits of ultraviolet energy by means of 
_ fluorescent lamps. ‘The author uses the erythemal basis and 
_ the term erythemal energy for convenience, and this is not 
© to be construed as indicating that erythema in itself is 
_ beneficial. This has been adequately discussed in other 
_ chapters, 
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Outdoors average untanned skin receives an MPR 7 
dosage in 20 minutes during the midday hours in summe, | q 
This dosage is about 400 microwatt-minutes per sq. cm. of Ml 

“g 


erythemally-weighted energy. In Chapter X it has been — 


shown that daily dosages equivalent to one-tenth MPR © 
have been found to prevent and cure rickets. Therefore ‘ 
let us assume an 8-hour exposure to the direct light from q 
white fluorescent lamps. Any other fluorescent lamp for q 


A 
‘a 
¢ 


general use will have its own factor. The erythemally. © 


weighted energy per footcandle delivered directly is 0.0007 


microwatt per sq. cm. In 8 hours the equivalent erythemal — 


e\ 
ee 


dosage would be 0.266 microwatt-minute per sq. cm, for 


each footcandle. A sub-erythemal dosage equivalent to 0.1 


MPE would result from being exposed to 150 footcandles 
of direct light from white fluorescent lamps. | 


Inasmuch as fluorescent lighting has so far advanced - 
that there are many installations of 50 footcandles and ~ 


some of 100 footcandles, it would appear that the medical 
profession and others interested in the health and general 
welfare of human beings might well turn their attention to 
the possible physiological beneficial effects of the erythemal 
energy emitted by the fluorescent lamps now in common 
use. If a daily dosage equivalent to one MPE is desired, it 


would be provided by 1500 footcandles supplied by white — 1 


fluorescent lamps for 8 hours. 

Considering the fact that daily sub-erythemal dosages 
from tungsten-filament lamps in special bulbs have actually 
cured and prevented rickets in babies and have prevented 
rickets in growing chicks, the possibility of biological bene- 
fits from ordinary fluorescent lamps 1s intriguing. The out- 
put of ultraviolet energy shorter than 43150 from daylight 
fluorescent lamps is about twice that from white fluorescent 
lamps. Erythemally weighted, the difference is still greater. 
Therefore, only a few hundred footcandles directly from 
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| Bey ght fluorescent lamps should provide an equivalent 
’ MPE dosage 1n 8 hours. 

If a fluorescent lamp for lighting purposes were made 
eo deliver only 10 times as much erythemally-weighted 
energy as a white fluorescent lamp, in 8 hours 15 foot- 
candles would provide an equivalent dosage of 0.1 MPE 


4 


and 150 footcandles would supply an equivalent dosage of 


{ 


' one MPE. If the fluorescent lamps were used in aluminum 
‘yeflectors which delivered the light and radiant energy 
directly to the occupants, the foregoing values would not 
have to be increased appreciably. However, if the reflec- 
“tors are coated with baked or porcelain enamel, the ery- 
| i themal energy would suffer considerable absorption in the 
"process of reflection. 
_ Here it is well to repeat that an MPE dosage is re- 
ceived outdoors during midday on a clear day in summer in 
about 20 minutes and in about 3 hours in midwinter. A 
q dosage equivalent to 0.1 MPE is obtained in about 2 minutes 
> in summer and in about 20 minutes in winter. Obviously, 
the output of erythemal energy emitted by fluorescent 
lamps can be increased greatly beyond the present values 
and still be well within the range of safety and comfort 
while providing the beneficence attributed to natural day- 
light outdoors. The erythemal energy is readily control- 
| lable in spectral range and in intensity by the composition 
and thickness of the glass tube or bulb. By altering these so 
_ that the erythemally-weighted energy emitted with each 
_ lumen would be about 10 times that emitted by the present 
white fluorescent lamp, it appears that human beings ex- 
_ posed no more than 8 hours to 50 to 100 footcandles would 
_teceive benefits which accrue from reasonable exposure 
. outdoors. 
| It is time to turn the attention from imaginary harm- 
: ful effects of fluorescent light to the promising benefits of 
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levels of illumination which are needed for high visibiji¢ q 
and easy seeing. Sunlamps have their place for specigc : 
treatments and in dual-purpose lighting. But the ideal ij[y. 


minant and lighting system is one which plays the dua] 7 
role. These appear to be within reach. Certainly civilizeg — 
human beings confined indoors for long periods daily are : 
entitled to whatever benefits summer sunlight bestows out. 


a 


doors. They will receive these benefits best if they come 


simultaneously with adequate light and good lighting, q 
Experience shows that such benefits should be bestoweq 

automatically, without effort and thought on the part of “7 
the recipients. Some persons will take the trouble to use ~ 


sunlamps, but the overwhelming majority will not. 


VISIBLE RADIANT ENERGY 


The illuminants in common use are natural sunlight 4 


and skylight, which vary considerably in spectral distribu- 
tion of energy, the yellowish light from tungsten filaments 
with its continuous spectrum, and the light from fluores- 
cent lamps of various color-temperatures which consists of 
the discontinuous spectrum of mercury superposed on the 
continuous spectrum of the fluorescent phosphors. The 
spectral distributions of energy of representatives of these 
four illuminants are presented in Fig. 98. It is obvious that 
they differ markedly in spectral character. However, from 
an extended experience with all the available criteria, the 
author is forced to the conclusion that these illuminants do 
not differ significantly in their effect upon visual acuity 
and upon the visibility of objects and tasks. Furthermore, 
no acceptable criterion has revealed that any of these 
illuminants is easier on the eyes than any of the others. 
Criteria of ease of seeing indicate no significant difference 
among them. None has been proved to be harmful. The 
misuse of the sun, sky, tungsten or fluorescent lamps i 


' 
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Jighting can result in glare and poor seeing conditions. 
“Flowever, the causes are not inherent in the light, but arise 


: from its misuse. 
~ One of the perennial suspects among the various char- 
ristics of common illuminants is the discontinuous spec- 


Bacte ns 
rum as exhibited by the mercury-are of the older type. 
“As is well known, its visible energy is confined almost 
entirely to four spectral “lines” in the regions indicated by 


the four rectangles projected above the continuous spec- 
¢rum D in Fig. 98. Between these lines of the spectrum of 
the Cooper-Hewitt mercury-arc there are gaps in which 
" Jittle or no energy is radiated. ‘This discontinuous spectrum 
“has been much berated without any proof upon which to 
base a suspicion. 
' If a white surface is illuminated by the light from this 
_ mercury-arc with a discontinuous spectrum, the visual 
"sense appraises the surface as white with a bluish or green- 
ish tint. The eye does not “know” whether this white 
"surface is illuminated by an illuminant with a discontinuous 
"or a continuous spectrum. Actually the visual sense 1s 
unable to determine the spectral characteristics of common 
| - iJluminants plotted in Fig. 98, for equal intensities of illu- 
"mination; that is, for equal footcandles on a perfectly white 
© surface. When the spectral energy is converted into lumi- 
' nous sensation, the differences among the four illuminants 
q of Fig. 98 are greatly reduced. ‘This 1s illustrated in Fig. 105 
» by the spectral luminosity curves of the same illuminants. 
_ ___ Throughout the realm of physiological optics there is 
_ ho fact which supports the suspicion that this discontinuous 
" spectrum is harmful in any way. Speculators seem to lose 
_ sight of the fact that the visual sense “synthesizes” visible 
_ energy of various wavelengths. Furthermore, uncounted 
_ thousands of persons have performed critical seeing for 


_ many years under mercury-arc light with its discontinuous 
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mologists or other qualified specialists. An ophthalmologist \ 
who questions a discontinuous spectrum or any other ag_ q 
pect of light to which millions have been exposed might ~ 
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Fic. 105. The spectral luminosity curves of four common illuminants 
corresponding to the spectral distribution curves in Fig. 98. A, tungsten 
filament 2850° K.; B, natural sunlight plus skylight 6000° K.; C, zenith 
blue sky 60000° K.; D, daylight fluorescent lamp 6500° K. 


~ 


seriously wonder why the effect has not been isolated and 


the cause identified. . 

The spectral characteristic of the visible energy from 
fluorescent lamps is a continuous spectrum upon which the 
discontinuous spectrum of mercury is superposed. As seen 
in D in Fig. 98, the spectrum of the visible energy emitted 
by the daylight fluorescent lamp is continuous but irregular 
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spectrum, without any discovery of ill effects by ophthal. 
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q n account of the mercury lines. Certainly if no positive 

evidence of harmful effects of the discontinuity of the 

q mercury spectrum exists, there is no cause for suspecting 

” the continuous though irregular spectrum of the light from 
" the fluorescent lamps in common use. Furthermore, millions 
0 


i 


of persons have already performed critical seeing for long 
"periods under fluorescent lighting without any scientific 
proof of harmful effects due to the spectral character of 
the light. 

q One common source of confusion in this respect is the 
failure to discriminate between spectral character of light 
and glare due to brightness and brightness-contrasts in the 
 yisual field of the worker. Incidentally, it has not been 
> established that light of one spectral character is any more 
q or less glaring than light of another spectral character. On 
q the contrary, the evidence of some researches indicates that 
there is no significant difference in this respect among 
jlluminants differing moderately in color. The illuminants 
q commonly in use differ greatly in spectral character, but 
. only very moderately in color. In fact, all are unsaturated 
9 tints rather than pronounced colors. Therefore, glare from 
| © common illuminants must be considered a matter of bright- 
“ness or quantity of light rather than a matter of the kind 
: 4 of light. 

a Recently Harmon ** has revived some of the old 
" speculations and has added some new ones arising from 
» the current vitamin era. He concluded that fluorescent light 
_ was detrimental to the eyes from observations which could 
_ not possibly provide such proof and from theorizing which 
q was unsound. In comparing tungsten-filament light with 
_ fluorescent light, he did not control glare. In his major 
" Investigation of lighting he dealt with a direct system of 
) duorescent lighting with bare lamps in the visual field of 
_ the workers and an indirect system of tungsten-filament 
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lamps. From the viewpoint of harmful effects of 
indirect lighting with filament lamps is obviously 
than direct lighting with fluorescent lamps when so 


which are being compared. 


Vitamins are among the great contributions of science 7 
in the present era. Appreciation of their beneficence is nop 


altered by the extravagance of some claims and of some of 


the promotional efforts toward their commercialization, A 
deficiency in riboflavin is apparently revealed by vascular 
signs around and within the edge of the cornea. The eyes a 


are “blood-shot” in this region. Some excellent work has 
been done with this criterion, as, for example, on pilots 
flying over water in the daytime. The brilliant imperfect 
images of the sun that are reflected from the water’s surface 
are very glaring. Ariboflavinosis, or a deficiency of ribo- 
flavin, has been indicated as one of the results of this glaring 
condition. Some believe that this is due directly to exposure 
to light. However, no systematic research has proved that 
it depends upon the spectral character of the visible energy, 
at least within the variations of spectral character among 
common illuminants. Here again glare due to brightness is 
a real culprit, and it may be the sole culprit. We know that 
the effects of glare are far reaching. It not only causes eye- 
strain and eye-fatigue, but also tenseness and annoyance 
with various results. Therefore, the effects of glare pervade 
the physical, physiological and psychological realms of a 


human. being. 


glare 
better a 


aaa me or | 
many of the latter are visible in the visual field of the ™ 


workers. These were the types of installations from which _ 
complaints arose which Harmon investigated. Howevye, — 
no conclusions in regard to the effect of spectral charactep _ 
of light upon the eyes are sound unless all other factors are _ 
controlled and the seeing conditions are identical. with the — 
exception of the spectral characteristics of the illuminanty 
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4 In some speculations it is implied that if exposure to 
Jight causes a riboflavin deficiency, this is a harmful or 
‘deleterious effect. One might just as well conclude that 
) walking or working causes harmful effects through the 
“deficiencies” which result. We eat, drink, rest and sleep 
‘to make up deficits due to working—and living. Degenera- 
jon and regeneration in uncounted processes are contin- 
‘ually going on in the living human being. However, in 
‘considering exposure of eyes to light, we should not ignore 
‘normal regeneration or lose sight of the need for adequate 
ij ght and proper lighting. There is adequate proof that 
jnadequate light and improper lighting and other aspects 
of poor seeing conditions adversely affect the human being 
" and human resources. Medical, health and welfare authori- 
ties have Jagged far behind in recognizing the possibilities 
of modern light-sources. 
q Harmon theorized with the absorption spectrum of 
riboflavin which extends from the middle ultraviolet region 
‘through the violet, blue and blue-green portions of the 
‘yisible spectrum. In other words, it indicates that ribo- 
“flavin absorbs visible radiant energy shorter than 45100 to 
“some degree. He then makes a not uncommon error m 
"interpreting the meaning of the absorption spectrum and 
© the Grotthus-Draper Law. He assumes that, violet, blue 
and blue-green light being absorbed by riboflavin, visible 
" energy of all these wavelengths destroys riboflavin. It is 
“true that radiant energy must be absorbed if it is to produce 
an effect, whether this effect is detrimental or beneficial, 
- undesirable or desirable. However, the converse is not true. 
4 In other words, energy which is absorbed does not neces- 
" sarily cause any other effect than to heat the material. 
A red fabric may fade upon exposure to an illuminant. 
| Its absorption spectrum obviously extends from the middle 
| of the visible spectrum through the green, blue and violet 
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and into the ultraviolet regions. It is not necessarily try¢ 
that energy of all the wavelengths throughout this absorp- 
tion spectrum causes the fading. In a given case only the 
ultraviolet energy may be primarily responsible for the 
fading. The absorbed energy of other wavelengths may 


produce no photochemical effect. It may only raise the 


temperature of the red fabric. 
In the case of a deleterious effect, the absorption spec- 


trum, in a sense, only indicates the woods in which the ~ a 


culprit is concealed but it does not necessarily indicate the 
tree behind which the culprit is to be found. The absorp- 
tion spectrum of riboflavin does not prove that energy of 
any wavelength which is not entirely transmitted causes 
such a photobiological effect as the destruction of ribo- 
flavin. Furthermore, there is always the natural regenerative 
process to be considered just as in the case of fatigue and 
other results of being an active human being utilizing its 
resources in many ways. 

Initially Harmon seems to have been insufficiently 
concerned with glare in his observations and erroneously 
influenced by the absorption curve of riboflavin. The latter 


influenced his speculations to the extent that he actually 


viewed tungsten-filament light favorably owing to its rela- 
tive paucity in the short-wave region of the visible spec- 
trum. Owing to a greater abundance of short-wave visible 
energy in fluorescent light, he speculated that this illumi- 
nant was less satisfactory than tungsten-filament light. No 
proof of this is available in practice and none exists in 
theory. In addition, it is well to repeat that millions of 
persons have been working for long periods under fluores- 
cent light just as many millions have worked and still work 
under tungsten light. If there is a significant difference in 
their photobiological effects, it seems reasonable to believe 


_~ fluorescent lamps. Let us consider skylight from a clear 
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that it could not escape discovery by or through this mass 
experience. 

There is still another important aspect to any specula- 
tion in regard to the blue component emitted by daylight 
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Fig. 106. Spectral distribution of visible energy in skylight varies con- 
siderably during the same day and markedly on different days. 


blue sky. In Fig. 98 it is seen to contain a greater abundance 
of short-wave visible energy than light from daylight fluo- 
rescent lamps for equal intensities of illumination. In Fig. 
106 are three typical spectral distributions of blue skylight, 
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determined by Taylor and Kerr,°? which reveal an abun. 
dance of energy which has been theorized as being unde. 
sirable or harmful. Countless billions of persons for cen- 
turies have been exposed for long periods outdoors to the 
light from the sky. In fact, until relatively recently, sky- 
light through windows and other openings has been the 
universal indoor illuminant. Even today countless millions 
read and perform other critical tasks of seeing near win- 
dows for long periods daily. If light from the fluorescent 
lamps in common use is detrimental in any way owing to 
the short-wave visible energy—blue and violet—blue sky 
should be far more detrimental owing to its greater blue- 
ness. When one takes into account the levels of illumina- 
tion, such a speculation becomes still more attenuated. 
Apparently such speculators are not acquainted with these 
facts. Actually there is no evidence upon which to throw 
aside the great principles of evolution and adaptation. If 
human eyes are not adapted to natural skylight, are they 
adapted to anything? Obviously, it is quite a responsibility 
to indict the spectral characteristics of fluorescent lamps 
in common use. Actually, natural sunlight and skylight will 
have to stand trial too. 

In Fig. 107 are plotted in black circles the color- 
temperatures of various phases of daylight outdoors as 
determined by Taylor and Kerr.*? They also determined 
the spectral distributions of energy. The solid line repre- 
sents color-temperatures of the theoretical black-body. It 
is seen that daylight does not depart much from the black- 
body curve, but its color-temperature varies enormously 
from 4975° K. for a low-altitude sun to 60,000° K. for a 
clear blue zenith sky. Certainly anyone who considers the 
light emitted by 6500° K. daylight lamps to be too blue, 
and for this reason detrimental to eyes, is scarcely familiar 
with the spectral quality of natural light. 
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Harmon also claimed to be able, by a superficial exam- 
‘nation of the eyes, to determine whether the subject had 
heen working under tungsten or fluorescent light. Examina- 


tion of nearly 40 subjects in the presence of the author 
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Fic. 107. This section of the I.C.I. colorimetry diagram shows the lo- 
cation of the integral color of various phases of daylight with respect 
to the black-body color-temperatures represented by the unbroken 
curved line. (A. H. Taylor and G. P. Kerr.) 


and some of his colleagues resulted in complete failure. 
Two subjects whose eyes were exposed to 600 footcandles 
of light from daylight fluorescent lamps, in the course of 
their work in a lamp factory, exhibited no visible symp- 
toms which were supposed to be the result of such exposure. 
Inasmuch as Harmon has not pursued this matter to a con- 
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clusion, it appeared necessary to devote some Space to th; ‘ 
discussion. Fluorescent lamps are such a great advance jn 
light production that they deserve to be appraised by facts : 


They deserve to be defended against speculations 


ted in Table XLI. The approximate intensities of 
energy per footcandle were measured in microwatts 
cm. for direct light from the sources, It is seen that 
nt light compares favorably with natural sunlight, 


ndica 
radiant 
per S- 


Aa : and Ayoresce : ; ; 
indictments that are neither proved nor retracted, q ad that tungsten-filament light is accompanied by more 
3 | q a 5 times as much energy. In “coolness,” skylight ranks 
INFRARED RADIANT ENERGY 4 pan 
eae : 4 : TABLE XLI 
In the use of light primarily for seeing purposes, infra__ | 
eae >» Te : ities of Radiant E Footcandle for Various Illumi 
red radiant energy is of interest chiefly from the viewpoint _ Approximate Intensities of Ra egret st otcan ele fon Vee llnels 
of the total radiant energy which accompanies each lumen a 4 Pees age bs 
: | 1 tcrowatts per Sq. Cm. 
of light flux. In other words, the “heating effect” per foot. per Peon: 
candle is important to human occupants and to varioyg _ Actual Relative 
materials. High levels of illumination are practicable only | pleas TET ea ean Ses ris ae a 
. ° i a t, mi oe eo ee oer e res ve e 
to the extent that the heating effects are within reasonable q Pacicht through 14-inch glass....... Dae 7.5 0.94 
bounds. There is no direct evidence that intensities of Fluorescent lamp, 40-w, 3500° K........... 8 1.00 | 
: ; 2 J Same through 14-inch clear glass........... 3.9 0.44 y 
infrared ore which are tolerated by human skin of the aq Fluorescent lamp, 40-w, 6500° K........... 10 1025 | 
face are harmful to the eyes. However, the author 1 com. Same through }4-inch clear glass........... 4.5 0.56 
ath Hemeitiess. h : é g Tungsten-filament lamp, 60-w............. 55 6.9 | 
puted the energy densities in the eye media which ac- q Tungsten-filament lamp, 100-w............ 45 5.6 | 
company light and showed the much greater values for — __ Tungsten-filament lamp, 200-W.....--- +++. 40 5.0 / 
pangs ce mca light than for daylight. Luckiesh and | highest. Naturally the water vapor in the atmosphere aids 
Moss *** found no significant differences in various visual — 


+ 1 “cooling” sunlight and skylight, but a major fact is that 
human eyes evolved to utilize most efficiently the wave- | 
lengths of energy that are most abundant in average I 
© daylight. | 
_ A ssheet of clear glass considerably reduces the radiant | 
energy per footcandle from fluorescent lamps. Actually, | 
fuorescent light after passing through this additional sheet 
of glass is as cool as natural skylight entering a room 
through a glass window. The light from a 40-watt fluores- 
‘cent lamp owes its coolness to the fact that about 7.4 watts 
are radiated as visible energy and about 10.9 watts are qi 
: radiated as infrared energy. The remaining 21.6 watts, or i 
» about 54 percent of the total 40 watts, are lost by convec- 


functions when using tungsten light with and without — 
filtering out 74 percent of the total radiant energy. They — 
used intensities of illumination as high as 100 footcandles on 
white backgrounds of printed matter and test-objects. No 
appreciable effect was found on the rate of involuntary ~ 
blinking, diameter of the pupil, convergence reserve of the 
external ocular muscles, rate of reading and the time 7 
required to perform a specially difficult visual task. a 
These tests do not include the possible effects upon the 

eye media of long-wave infrared energy for many years. ~ 
| At any rate an artificial illuminant cannot be seriously sus- 
| pected if it is comparable in “coolness” with daylight. 7% 
| Flere again fluorescent lamps represent great progress as 
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tion and conduction. Of course, this energy heats the ro9 
but practically none of it passes through a sheet of clea 

Really cool light is supplied by fluorescent lamps. Thig 
means relatively high levels of illumination are Practicable 
without discomfort to human beings: Some tests with bling. 
folded persons indicated that they were just able to de- 


tect the heating effect of about 600 footcandles of fyo_ 


rescent light on the bare skin of the forehead. They barely 
detected 125 footcandles of light from 100-watt rungstea 
filament lamps. 


SHORT-WAVE INFRARED ENERGY 


eat Energy in Common Illuminants 369 


a 
The efficacy of various sources of infrared energy for 
BD cing human flesh at a depth 1 is well illustrated in Fig. 109. 
The spectral region of interest is from about 26000 to 
4 M6 000. This is represented by the vertical broken lines. 
_ js apparent that the sun and the 500-watt tungsten- 
lament Jamp are efficient sources of the radiant energy 
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Infrared radiant energy in the spectral range adjacent. 
to the visible spectrum is of particular interest to human 


beings and in many applications of radiant energy. Water 
transmits this energy fairly well. A depth of 4 mm. or 
about 0.15 inch does not transmit appreciable energy longer 


than 414,000. Eye media and human flesh, with their very 
large content of water, absorb long-wave infrared energy 4 
but transmit fairly well the near-infrared energy. The 
spectral transmission-factors of human flesh and of various 
glasses, including copper red and cobalt blue, are presented — 
in Fig. 108. The socalled Vitaglass is fairly representative 
of common clear glasses in the visible and infrared regions, © 
It is seen that a source of radiant energy for heating human 7 
flesh to a depth should produce energy of 46000 to 416,000 1 
fairly efficiently. Tungsten-filament lamps are quite effi- 7 
cient sources of this long-wave visible and short-wave 7 
infrared energy. Inasmuch as human flesh is colored red by 7 
the blood, a red glass may be used for the bulb of a tung- © 

sten lamp. This greatly reduces the light without com- 7] 
parably reducing the energy which penetrates flesh. Even a 7 
cobalt blue glass transmits the deep red and the short-wave q 


infrared energy quite efficiently. 
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Fic. 108. Spectral transmission of human cheek and of clear and colored 
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shat penetrates water and bodily tissue. The carbon-fila- 
ment lamp is less efficient and non-luminous heaters and 
boiling water (hot towels) are of extremely low efficiency. 
: 4 ‘hese low-efficiency devices heat the superficial layers of 

‘the skin where the sensory nerves are abundant and cause 
discomfort or pain. The flesh at greater depths is heated by 
conduction. As a consequence, heating at a depth is achieved 
less efficiently and with much greater discomfort to the 
a subject than when sunlight and high-efficiency tungsten 

lamps are used. (See Chapter X V1) 

' the insert in Fig. 109 indicates the percentages of total 

energy, radiated by these 5 sources, in the spectral region 
i which water, eye media, and human flesh are more or 
| Te “ss transparent. It is seen that 53 percent of the total 


a 

ydian 
q This point is illustrated further by comparing the 
_arption and transmission of the energy emitted by 
oP and tungsten-filament lamps. In Fig. 110 the 
. rve illustrates the spectral distribution of en- 
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energy emitted by a 500-watt tungsten-filament lamp J q 
the spectral range of interest in heating bodily tissue to : 
depth. The carbon-filament lamp, commonly used fo; t J 
purpose, emits only 26 percent of its total energy in thin 


spectral region. Hot towels are the least efficient and mou boundary ov b ordinary carbon-filament lamp operat- 
| OSt rey emitted y atl y P&P 
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thickness of clear water. 


} 
if 


ng at a color-temperature of 2090° K. The absorption of 
© one inch of water is indicated by the black portion for the 
"Yyarious wavelengths. Only 12 percent of the total incident 
energy is transmitted by the one-inch depth of water. 

| In Fig. 111 is illustrated the spectral distribution of 
energy emitted by a 500-watt tungsten-filament lamp op- 
erating at a color-temperature of 2900° K. Only 70 percent 
of the total incident energy is absorbed by one inch of 
water. The remaining 30 percent can proceed to greater 
depths to be absorbed. 

= In Fig. 112, data are presented for various tungsten- 
filament lamps for various depths of water. Such data have 
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Fic. 109. Illustrating the relative amounts of energy emitted by various 
sources in the spectral region in which water and human flesh are” 
fairly transparent. 4 


painful way of heating bodily tissue. Not only should | 
tungsten filaments be used for the sake of efficient produc=% 
tion of the desired short-wave infrared energy, but also for 
the comfort of the user. In local applications as well as in 
“bath cabinets,” the subject will be noticeably more com= 
fortable when more of the heating of bodily tissue 8% 
achieved by transmission and less by conduction. Tungsten=" 
| filament lamps of the higher wattages are outstandingly 7 
TAT superior for this purpose.*” q 
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Fic. 111. Spectral emission of energy by a 500-watt tungsten-flament. 


lamp operating at 2900° K. and the spectral absorption and transmission 
of a one-inch thickness of clear water. "a 
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Fic. 112. Showing the transmission-factors of various depths of clear j 


water for the total energy emitted by various tungsten-filament lamps. — 
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___-actical applications. They reveal how much energy 
by these lamps can be absorbed by clear water. 
so indicate roughly how much energy can reach 


hs of eye media and bodily tissue. They indicate 
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) Fic. 113. The influence of color-temperature of tungsten filaments upon 

the intensity of radiant flux of various spectral ranges received per foot- 
“candle by each sq. cm. of surface. The flux is assumed to come directly 
from the filament with no absorbing bulb intervening. 


at for therapeutic purposes and bath cabinets the more 
desirable tungsten-filament lamp is that operating at the 


higher temperatures. 


_ In Fig. 113 is plotted the energy in various spectral 
ranges which would accompany each footcandle delivered 
lirectly from a tungsten-filament at various temperatures 
provided the bulb absorbed no energy of any wavelength. 
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Of course, this is not true for the ordinary glass py 
absorbs some of the ultraviolet energy and determines a 
short-wave spectral limit of the emitted energy. [t ala 
absorbs some long-wave infrared energy. Therefore 4 
data plotted in Fig. 113 represent the energy of y 
spectral ranges which could accompany each footcangy, 
directly from the filament if it were enclosed in a perfectly 
transparent bulb. These data are valuable (1) in ascertai,. 
ing the effect of color-temperature of the filament, (2) ; 
determining the amount of erythemal flux that could be 
obtained and (3) in showing the amount of energy that 


could be absorbed by water. 
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PLATE XIV. The petri dishes simultaneously collected 
house. Then the lower halves were exposed separately, 
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| THE PRODUCTION of ultraviolet energy for different purposes 
a 4 matter of exercising various controls that are possible or 
 ayailable. The first control is in the very source of the 
energy. Carbons can be impregnated with various materials 
“which determine the emission spectrum. This is illustrated 
for two carbon arcs in Fig. 5. Tungsten filaments can be 
“operated at different temperatures and mercury-arcs can 
"be operated at different pressures. The output of ultra- 
‘yiolet, visible and infrared energy is thereby controlled to 
a considerable extent. [he most useful sources of ultraviolet 
energy at the present time are mercury-arcs or mercury- 
‘yapor lamps. The emission spectra of these sources are 
Jargely determined by the vapor pressure in the enclosed 
> space. As discussed in other chapters, the mercury-arc, 
Joperating at an extremely low pressure emits most of its 
MW ultraviolet energy in the neighborhood of 42537. This is 
© the basis of modern germicidal sources and of fluorescent 
© lamps. The other extreme is represented at the present time 
=) by the high-pressure mercury-arc illustrated in Fig. 9. It 
= emits a continuous spectrum upon which the characteristic 
Bs a discontinuous spectrum of mercury is superposed. These 
4 : have been discussed in various chapters, including Chapter X. 
“eae —s: Lo: Some extent control of the production of ultra- 


for the minutes indicated in each case, to 


germicidal flux in microwatts per sq. cm. indicated by the number in parentheses. 


air-borne micro-organisms in a poultry 
re or dosage of the lower halves was 160 microwatt-minutes per sq. cm. It is seen that 


f 


ie B 9 a - e - 

$ 9 See violet energy can now be exercised by means of fluorescent 
er . ° : 

@ © 2 materials known as phosphors. Some of these, when excited 
ae 5 a B by energy of 42537, which is efficiently produced by low-. 


) Pressure mercury-arcs, emit radiant energy in the ultra- 
= “iolet spectral region. This is another means of controlling 
the production of ultraviolet energy. The fluorescent sun- 
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Chapter XIV 


of this principle. 
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lamp or F sunlamp 1s a practical example of the application 
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ecome a part of the lamp, are of chief interest to the 
sjanufacturer of the producers of ultraviolet energy. How- 
i 


ever, the efficacy of ultraviolet energy in many special 
evel, : 

‘applications depends upon the transmittance of erythemal 
j nergy by various materials and upon the transmittance of 
‘7 


After this energy is produced, the short-wave limit of 
the energy emitted by the complete lamp is determined by 
the composition and thickness of the glass envelope if there 
is one. The short-wave limit of the radiant energy may be 
varied from 1800, by the use of quartz, throughout the 
ultraviolet region by the use of different ultraviolet-trans_ 
mitting glasses. This type of control is very important in 
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adapting the different sources to specific uses. | me Ree 
The utilization of the ultraviolet energy involves the ENERGY 


reflection-factors of various materials. These vary from a 
few percent to about 90 percent. Naturally highly efficient 7 
reflectors are desirable for directing the ultraviolet energy 
to its task. It is also desirable in certain practices to absorb i. 
this energy after it has done its work. Therefore, reflecting { | ee 
and absorbing media are very important in the use of ultra- foTAMELIFIER By orotuee 
violet one For three decades the author 3 nd his col. Fic. 114. Absolute integrating ere a for measuring reflection- 
leagues have been investigating these possibilities by means factors of materials for energy of 2537. 
of sensitive measuring devices. As a consequence, with the | | 
cooperation of manufacturers and finishers of materials, - 
adequate control can now be achieved in the utilization of” 
ultraviolet energy. : g 
Interest in reflecting media is chiefly confined to the © 
spectral regions of 42537 for germicidal energy and 2967 
for artificial sunlight, and in some cases to the visible spec- 7 
trum. Interest in transmitting media is not only confined tom 
the short-wave cut-off but to the steepness of the spectral” 
transmission-curve near the point of cut-off. These and 
other pertinent facts are discussed and illustrated. Reflecting | 
materials are of interest to more persons than transmitting = 
media, for the former are involved in equipment designed 
for the sources and in the various uses of ultraviolet energy. 7 
Total and spectral transmission of special glasses, whic! 7 


QUARTZ 


) 


a 
germicidal energy by air, water and other liquids which are 
to be disinfected. 


RI FLECTION OF ULTRAVIOLET ENERGY 


‘ 
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_ With the exception of work published by a colleague, 
A. H. Taylor,’ the author is unaware of any devices and 
methods which completely integrate the ultraviolet flux 
refi ected by a surface. This is the proper means of deter- 
mining reflection-factors for ultraviolet energy as it is for 
ight. Recently Luckiesh and Taylor ** have described two 
)of these integrating reflectometers. 
In Fig, 114 is illustrated an absolute integrating reflec- 
“tometer for measuring the reflectance or reflection-factor 
f materials for energy of 42537. Flux of 42537 emitted by 
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a special source, RP-12, enters the sphere through an aper 9 
ture % inch in diameter and falls on the specimen mounted 1 
over a larger aperture at the opposite side of the sphere. T hd 7 
inner surface of the sphere is smoked with magnesium oxide 1 
which has a high reflectance throughout the ultraviole _ 
region of practical interest. An opaque shield, also smokeg _ 
with magnesium oxide, prevents any first-reflected flux 7 
from the specimen from directly reaching the phototube _ 
After the proper readings have been made, the sphere a 1 
rotated 90 degrees about its vertical axis. This brings into 
proper position another aperture % inch in diameter q 
through which the 42537 flux enters the sphere and falls on — 
the opposite wall of the sphere at a point not screened from _ 
the phototube. The flux reaching the phototube in the firs 7 
case is less than that in the second case by the amount _ 
absorbed by the specimen under test. The ratio of the 
phototube current in the first position of the sphere to that 
in the second position provides a direct measure of the — 
reflectance or reflection-factor of the material. ; 

The differential shutter of pyrex and quartz limits the | 
measurements to the spectral region below 43000. When ~ 
using a source which radiates nearly all its energy in the © 
region of A2537, the reflectance is determined for that ~ 
wavelength. In this case the differential shutter is useful in 7 
establishing the zero reading for there is some long-wave q 
ultraviolet energy emitted by the source. This is not — 
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Fie. 115. 
2800 quartz monoc 
materials for energy 0 ray 
© region and to the middle of the visible spectrum. 
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s has proved to be an excellent improvement and 
hor surface Z is dull enough to integrate fairly 
ux from various directions. 

bsolute reflectometer illustrated in Fig. 115 1s 


The a 


Bed with a quartz monochromator for measurements of 
11° 
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Absolute reflectometer used with a Bausch and Lomb No. 
hromator for the measurement of the reflectance of 
f various wavelengths throughout the ultraviolet 


x 


reflectance of energy of various wavelengths throughout 
the ultraviolet and to the middle of the visible spectrum. 
By means of quartz lenses the arc of an S-1 tungsten 


Mercury-arc, in a clear quartz bulb, is focused on the test 


transmitted by the pyrex but is transmitted by the quartz. g 


sample through an aperture in the sphere which is smoked 
inside with magnesium oxide. ‘The quartz monochromator 


We have used a phototube with a cathode of cadmium- 


magnesium alloy which is sensitive to energy of \25370m 


views a small area of the inside wall of the sphere on the 


However, its sensitive surface may not properly integrate ~ 


axis of rotation. Photometrically the operation of the sphere 


the flux incident from all directions. Therefore, a plate of ~ 


is the same as that illustrated in Fig. 114, the monochroma- 


clear glass coated with zinc silicate Z is placed over the a 


for being substituted for the phototube. Measurements of 


aperture above the phototube and an RCA-929 phototube 4 
is used to measure the brightness of the fluorescing phos- 


| ntensity of energy of various wavelengths are made by 
means of an RCA-935 phototube and suitable amplifier. 
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Reflecti 
-eflection-factor somewhat. This reduction is greater for 
ultraviolet than for visible energy. 

Fig. 116 illustrates the effects of the two steps of the 
; Jzak process on the spectral reflectance of a given speci- 
“ven of aluminum sheet. The oxide thicknesses of 0.00016 
a 9.00022 inch for diffusely etched aluminum are within 


4 
Hise 


These two devices are quite sensitive, and many m casi 
urements of total and spectral reflectance have been made j 
The data presented here are confined to materials usefy] il 2 
controlling ultraviolet energy and to representative Mate. a 
rials encountered or which are or may be useful in Practice 

Many years ago we found that aluminum reflectors 1 
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Fic. 116. Spectral reflectance of aluminum with and without Alzak 7 


Fic. 117. Spectral reflectance of various metals. 
treatment. Samples were furnished by Alcoa Research Laboratories, 
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the range used commercially. The brightened aluminum 
: has a remarkably high reflection-factor. However, the re- 
‘duction due to the anodic coating, although appreciable, 
still leaves aluminum as the most efficient metal surface 
‘available for controlling ultraviolet energy. | 
"In Fig. 117 are presented the spectral reflectances of 
‘aluminum deposited by evaporation in a vacuum. This 
‘surface exhibits a remarkably high value throughout the 
“ultraviolet region. Aluminum foil is quite practicable. The 
yalues for chromium, nickel and stainless steel are relatively 
low, but these are useful where aluminum is impracticable. 
| ‘Therefore, even their relatively low reflection-factors for 
energy of A2537 are of value in certain uses of germicidal 


made of the same sheet aluminum, by spinning and by : 
pressing, had slightly different reflection-factors for energy 7 
of 42967. This led to further considerations of the influence — 

of the character of the surface. Since that time aluminum 4 
surfaces have been subjected to various treatments to in- q | 
crease their reflectance of ultraviolet energy. The Alzak 
process *°° has come into extensive use in the treatment of 
sheets and reflectors of aluminum. In this process the first 
part of the treatment, known as electrolytic brightening, = 
removes impurities from the surface. The second treat- — 
ment applies a thin oxide coating which protects the sur- — 
face somewhat from weathering effects but reduces the ia 
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energy. [he dotted portion of the curve for Silver jg 


region of partial transmission, as illustrated in Fig, 120 1 
No reflectance measurements were made in this region dud 1 
to lack of spectral energy from the source used. Therefore | 
this part of the curve is estimated from other measurement, _ 
Many other metals have been studied but none were 4 


efficient reflectors of ultraviolet energy. 


; In recent years aluminum paints have been improved 1 
in reflection-factor. In Table XLII the reflection-factors _ 
are presented for nine different aluminum paints for various _ 
important regions of the spectrum, including light or visible 
energy. We have found that intensive exposure. to germi- 
cidal energy of 42537 affects the reflection-factors of these _ 
aluminum paints. It is seen that the reflection-factors for 
energy of A2537 and 2967 are definitely increased. This 


increase 1s not as much or as definite for A3650 and fo 


light. 


There is considerable interest in the reflection-factors _ 
of white pigments or powders for ultraviolet energy as _ 
well as for light or visible energy. Sometimes a high re- ; 
flection-factor is desired, as in the case of measuring devices — 
such as illustrated in Figs. 114 and 115. For this purpose a 
magnesium oxide obtained by burning metallic magnesium — 
is excellent. Its reflectance throughout the ultraviolet spec- 7 
trum of practical interest is remarkably high. Many meas- — 
urements for energy of 42537 indicate that its reflectance 
is 93 percent which is greater than that of a pressed powder a 


of magnesium oxide. 


The author knows of no absolute standards of reflec- — 
tance, and this includes smoked magnesium oxide. A. H. 7 
Taylor has found that a layer of smoked magnesium oxide a 
approximately 4% inch thick, deposited on clear quartz, is 7 
not completely opaque to light from a tungsten-filament ~ 
lamp. In order to achieve the maximum possible reflectance 
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TABLE XLII 


e or Reflection-Factor of Nine Aluminum Paints Before and After 
Intensive Irradiation with Energy of \2537 


Percent 


a. 2967 3650 Light 


652 
es After Before After Before After Before After 
4, 


a 7 6. 77 pee 80 82 


TABLE XLIII 


4 Reflectance or Reflection-Factor of White Pigments and Other Materials ° 


Percent 


Cpa ne a ee 
N2537 2967 3650 — Light 


Pressed zinc oxide......:....-. ples 2:5 4 88 
rte See nee 65 70 Te 86 
Sieaniuin OXide................ 6 6 31 94 
Pressed magnesium oxide....... figs 86 87 93-95 
Smoked magnesium oxide....... 93 93 94 95-97 
Pressed calcium carbonate...... 78 83 - 86 96 
Duiteiwall plaster............. 46 65 76 90 
_§.W. white Decotint paint...... 33 41 58 79 
Kalsomine white water paint.... 12 20 40 70 
Alabastine white water paint.... 10 14 45 78 
White porcelain enamel......... 4.7 5.4 63 80 
Flat black Egyptian lacquer..... 5 5 5 5 
Lantern slide glass...... Sor eee 4 a 4 4 
Photographic paper (AZO, gloss) » 
lenosed, black. .......---..- 6 6 6 6 
Unexposed, white............ 24 43 72 81 
MMPS DACK C260) 2 als ois. o's as 39 47 70 82 


Samples of wallpaper 
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PMOKANOULCH. 5 ss ee ee ees 
OPA te a 26 35 50 75 
mrownish-ficured...........6 21 33 5p) 
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with any material, it is necessary to make the thickn 
that it is opaque to the radiant energy under consi 
In the preparation of standard reflecting surfaces, it jc . 
practice to compress a high grade of magnesium : a 
powder into a metal ring under high pressure, makin tide) 
surface over 146 inch below the edge of the rin the 
burning metallic magnesium to smoke a layer of — 
approximately %6@ inch thick on the surface. The ae 
pressed magnesium oxide has a reflectance only a Teal 
below that of the final smoked surface, so in effect w “a 
substantially achieving “infinite thickness.” Other oa a | 
can be painted with a white pigment before smokin sit J 
magnesium oxide. ‘Titanium oxide is a white viomen q 
relatively high opacity or covering-power. " 
If one wishes a high reflectance for light and a ] 
reflectance for ultraviolet energy, zinc oxide is a ver oid J 
factory white pigment. This is an excellent piement al a : 
for the last coat on ceilings of rooms in which germicil : | 
sources are used to irradiate the upper strata of air. If sted | 
a paint is used, relatively little of this germicidal ener { 
will be reflected from the ceiling to the occupied ated q 
Titantum oxide, whose opacity or covering-power is oreater q 
than zinc oxide, is also fairly satisfactory for this purpose ' 
From Table XLIII it is seen that white wall plaster Fl a 
water paints and wallpapers may reflect considenspin { 


€SS such 
deration, 


germicidal energy. = 


In general, if one wishes to make a paint that will 7 { 
reflect ultraviolet energy fairly efficiently, it is first neces- : 
sary to choose a proper white pigment and use it in aa 
cold-water paint. Generally such vehicles as oils and lac- . 


quers have high absorption-factors for ultraviolet energy, 


particularly for erythemal and germicidal energy. a 


White porcelain enamel and other vitrified surfaces 


absorb most of the incident ultraviolet energy just as glass a 
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joes. However, at least 4 percent of the incident energy is 
flected by these glazed surfaces. Common 
have moderate reflection-factors throughout 


x TABLE XLIV 
% 
a + Reflection-Factor of Many Materials for Germicidal Energy of 
— \2537 
Percent 
Iilealummin etek tai taks lhe elie st 16 
Tin plated steel..........--5-ee eee ee eee 28 
7 


PAT Meio tl oC 08. a14.0)1 OF @) SG, O10 On @) C9), 0:1 0) 9) 11 0)9 18). 0) 10 2 1S ey eee ® 


Seite O1Le, 0: 0) 6: O. ONO. 0) O16 @ COTO Or OR O1.e. (e558) 19558 


OC IA Wajid cian: ay siesel’s ie etatap doves est cinta 


Be eh reve nectoishn! ohers a tas ohapoiece Sesetaip's 46 
Speculum. ..... 6. eee ee eee eer eee eens 30 
Tungsten. .....cecece nsec sete ee eeeeees 13 
Molybdenum. ...........-- sees ese eeeee 25 
‘CEUAT AYES La i rare nae 6 
iar Gla Veins. Sulels sistsiste Dee ans Haw hy Oe 4 
NWiedusa Cement: vo se0. 58s ne one wees oe 17 
Magnesium carbonate..........--++++- 75 
| UPL) ofc) «(oy ae 5 
Be CIE WVOOL 5, 5.5 isi Success, oeieuse teres oa ott 
PeachedrCOttOM. 6s lence ede e eee ew ne 30 


lel hells ove. @ Ore 0: 0. 0) © .O, O20. O10 SHO .S1OJS) CHONG ORO Ke: 00? 


Rongee silk: . sien se nee ce tenes 6 
White blotting paper..........--+-+008- D5) 
. Brown wrapping paper......-...--+-+-- 7. 
q WWihitesbaked enamel. ......-.-. 22-6508 9 
q Brown baked enamel............22+e05- 6 
# ReaseIniVChiCle: os. ak es ccie css ces Seine oe 6 
a Zinc oxide Casein paints’. «.....eeeenes- 4 
‘ Zinc oxide in clear lacquer..........--+.- 5 
: Black lacquer paint. ...........2--0e06- 5 
q Several white oil paints............ ala 6-9 
4 Several white water paints.........+.--- 10-35 
: Fluorescent-lamp phosphors..........--- 14-20 


| the ultraviolet region. The photographic papers are inter- 
esting in that the unexposed surface coated with the emul- 
‘sion reflects ultraviolet energy fairly well, but the black 


surface, as a result of exposure and development, has a 


| Tather low reflectance. Many other materials have been 
“tested but those in Table XLII suffice to indicate the varia- 
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tions among materials. In general most materials 
higher absorption-factor than reflection-factor for 
mal and germicidal energy. 


Owing to the new and expanding interest in germ). 


cidal energy of 42537, we have determined the reff 
factors of many materials for this energy. Generally the 
reflection-factors increase as the wavelength of ene 
increases. Therefore, a high refiectance for 42537 


but a low reflectance for 2537 does not necessarily 


cate a low reflectance for 42967 and A3650. The reflectanceg 


of many other materials for energy of A2537 are presented 


in Table XLIV. Only one or two samples were involved 
in most cases, but the data should be fairly representative. 

Wilcock and Soller ** studied pigments and vehicles 
and various mixtures for their reflectance in the region of 
A2800 to A3200. Stutz *°” also measured the reflectances of 
pigments and paints for ultraviolet energy and Hulburt 2s | 
studied various metals and alloys. These results have been 


presented elsewhere. They are not included here for the q 


reason that the more recent data appear to be adequate, 


TRANSMISSION OF ULTRAVIOLET ENERGY 


In general most materials are not transparent to ery- q 
themal and germicidal energy of shorter wavelengths than 7 
43000. Notable exceptions are air, water and quartz. How- 
ever, many special clear colorless glasses have been de- — 
veloped for transmitting the erythemal energy in sunlight ~ 
and skylight and particularly for bulbs or tubes for arti- q 
ficial sources of ultraviolet energy. Ihe development of @ 
glasses which efficiently transmit germicidal energy of | 
42537 is of great practical importance. Previously, fused ~ 
quartz had to be used. This is so costly and difficult to 


fabricate that the present germicidal sources are practicable © 


 - 


have 
erythe. 


ection. | 


very 
generally indicates a higher reflectance for 42967 and 36 50. 
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. owing to the development of a glass substitute. 
argel he manufacture of this substitute requires great care 
Byen t urification of the materials. The content of iron, 
mene P ly is responsible for the greenish color of 


hich common ; 
. glass, must be very low. The effect of iron oxide 
or ina 
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| KG 118. Effect of iron oxide on the short-wave limit of transmission 
yf glass. 


"on the short-wave limit of transmission of a glass is ilies. 
trated in Fig. 118 as determined by Starkie and Turner. 
‘Tt is seen that only by eliminating or greatly reducing the 
iron content can a glass be made that will efficiently trans- 
' nit energy of 42537. We have also found that iron in 
minute quantities greatly affects the transmission-factor of 
- water. i ner 

4 In Fig. 119 are shown the spectral transmission-factors 
Sof representative glasses that are available or used for arti- 
icial sources of ultraviolet energy. It is seen that any de- 
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: Q elle : 
sired short-wave cut-off can be obtained throughout . q roduction of ozone is greatly reduced at a sacrifice 
spectral region of practical interest. The steepness of tha ne i of the transmission at.A2537. Naturally, a primary 
slope of the spectral transmission-curve near the short-ywaya’ a a BY develop glasses with steep transmission-curves 
c aa ir 


cut-off is of great importance. The ideal slope is Vertica) _. the short-wave cut-off. 
: : a Variations in thickness of a given glass alter both its 
d spectral transmission. For example, assume that 
Jass of 9740, of 1 mm. thickness, transmits 84 percent at 
5537 and 10 percent at 1850. If the thickness of the glass 
; doubled, the transmission-factor at 2537 would be 84 
sercent of 84 percent or about 70 percent. The transmission- 
4} A1850 would be 10 percent of 10 percent or 1 
mercent. Chis illustrates how the thickness can be used to 
Sontrol the output of energy of desirable and undesirable 
wavelengths. Concentration of a given ingredient of a clear 
ass can be utilized in a similar manner. This exponential 


A otal an 


MI 


factor at 


x applies only to a homogeneous transparent non- 
jiffusing glass or other medium. 

' Some glasses are somewhat unstable and, under the 
nfluence of ultraviolet energy, their transmission-factors 
gre altered. They are said to solarize. Generally, the short- 
hyave cut-off moves somewhat to a longer wavelength. In 


ome cases they will return to their original spectral trans-_ 


ae 


a a 
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© 2800, 3000, 3200 3400 3600 3800 4009 ’ : : _ aission on heating toa sufficiently high temperature. Some 
ozone | GERMICIDAL JERvTHEMAL| PHOTOCHEMICAL | q glasses which solarize at ordinary temperatures do not do 
Fic. 119. Spectral transmission-factors of glasses used for sources of 1 sg a 0 at higher temperatures. Such a glass, if it is rather hot 
ee | -. when in use, as in the case of some artificial sources of 
| a Ultraviolet energy, does not solarize significantly. ‘The glass 
| but absorption bands do not have abrupt boundaries. There j Stube of germicidal sources of the low-pressure mercury- 
| iS a spectral region of transition. from high to low trans- 7 ae ‘vapor type is merely warm when in operation. Therefore, — 
mission. For example, a glass for the germicidal sources qm it must be a stable glass, for it cannot depend upon being 
should have a high transmission-factor at 42537 such as 4 4 lesolarized by a high temperature. 
9740. Although this rapidly decreases with decreasing Very useful glasses are available for transmitting ultra- 
wavelengths, it transmits a few percent of the energy of Mame violet energy between 2500 and 44000 without transmit- 
| 41850 which produces ozone. If a glass such as 9741 is used, | ee ing appreciably in the visible spectrum. They have the 
I | = \ 
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appearance of very dense purplish glasses. The 


4 
Y are used .. 
filters for various sources which emit long-wa “a 


materials. When used with sources that emit consid 
erythemal flux, this socalled “black light” produce 
thema of the skin. When used with sources emitti 
appreciable energy shorter than 43100, reasonable exp 
do not affect the eyes or skin adversely. 

The spectral transmission-factors of a series of 7 y 
glass filters are illustrated in Fig. 29. Another useful 
of 8 glass filters is illustrated in Fig. 35. These indicat 


readily a series can be found which is very useful in 
researches and tests. 


erable 
S erya 
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Various substitutes for glass have been used. Loose] j 
woven cotton cloth impregnated with paraffin range : 
some energy well into the middle ultraviolet region. A thin — 
layer of paraffin transmits about 20 percent of the energ q 
longer than A2600. However, the cotton fibers permit oni | 


a small percentage of the incident ultraviolet energy to pass” 
through. Such cloth has some value when and where sun- 


light or skylight is of high intensity, but it is of doubtful _ 


value in winter. 


Various thin plastic films are being used as substitutes 4 
for glass chiefly for their greater transparency to erythemal q 
energy. [hey differ considerably in their transmission of | ’ 
ultraviolet energy. Some thin films transmit appreciably in q ; 
the region of 2500. Nine different transparent plastic | 


ve ultraviola 
ae Oler 
energy for the primary purpose of exciting fluorescen : 
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Various — 
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In Table XLVI are presented the approximate short- 
Cave limits of various materials. | 
Certain properties of pyrex glass make it useful in 
practical ways in connection with radiant energy. 
able in various thicknesses with smooth or pebbled 
The transmission-factors of several specimens of 
ed pyrex panels for energy of various wave- 


various 
thick pt ess 
4 TABLE XLV 


sion-F actors of Pyrex Glass, Expressed in Percent, for Ultraviolet 
Energy of Four Wavelengths 


3022 - ASI30 © 9342, X8630 


T ransmis 


i 
) 


Sheet, 3 mm. (al Nl BEN ea ites en arene 2A 47 79 89 
Sheet, 4.85 mm. thick.......... 7) 30 69 89 
Pebbled sheet, 3 mm. thick..... 23 44 1S 82 
Pressed sight, 5.8 mm. thick.... 7 29 72 89 


lengths are presented in Table XLV. It is seen that pyrex, 
in the thicknesses indicated, transmits some erythemally- 
effective ultraviolet energy. Their transmission-factors of 
! erythemal flux emitted by the water-cooled H-6 lamp in 
‘quartz are about 12 percent for the specimens 3 mm. thick 
and about 5 percent for the other two specimens. Such a 
glass can be used for installations of artificial sunlight if the 


) sources emit considerable energy in the region of A2950 to 


3200. The two specimens 3 mm. thick transmit some 
energy of 42967, but the two thicker specimens are nearly 
» opaque to energy shorter than 43000. 

_ InFig. 120 are shown the spectral transmission-factors 
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films, about 0.001 in. in thickness, were found to have — 
transmittances of 12 to 76 percent at 42967. On increasing ; 


the thickness of such films the transmittance of erythemal 
energy rapidly decreases. These materials generally de- 
crease in transmittance by prolonged exposure to energy | 


less than 43000. os 


| of films of silver deposited on quartz plates. A is for a thin 


) film and B for a thicker film. C is the result obtained 
“through both films. It is seen that thin silver films are quite 
) transparent in the region of 43400 to 3500. This property 
of silver has some interesting applications. It provides a 
means of obtaining long-wave ultraviolet energy with little 
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oe Reflecti : ’ 
ction and Transmijc.;._ q 
*SSiOg) petle 
‘ he 
-esults are merely approximate, for they depend upon the 
ehickness of the glass, its composition and depth of tint. 


lly reduce the short-wave energy in daylight 


or no light. In this connection it is interesting to ex 
the spectral reflection-factors of silver in Fig. 117, 
The slightly tinted glasses that are used to some e 


aming 


i 


Xtent | 


for eyeglasses generally reduce the extent of the SPectruyy- H Bey pene” 
of daylight somewhat. Their transmission-factors for ill | 4 TABLE XLVI 
ergy in the region of 43000 to A3500 are generally less the. Se ete Shore: Wave Limits of Transparency of Various Matena's 
| a , q Materials of various thicknesses 
50 | 
| Window glass, 50 samples, 1 to 7 mm........ 43059 to 3200 
= le eee Optical lenses, Veto lO Mined. nes oe le ee ees 3200 to 3500 
5 a ee ya | Bd, 0.9 mmiiiaipsj. d2ssatevibaswetae: 2929 
0340} [| ae Cellophane, thin...........+esee ere ee cree: 2600 \\ 
gL) ee ee MMe react curses onl con’ 3185 | 
oS Paraffin, 0.2 MM.......- eee sree eee eces | 
cc COPS aN : PPO. MM. vice cae chee rede et eins 2929 Hi | 
© 30 ? wt 
ce Fused borax, 3 to 6 mm........-- eee sere ees 2327 to 2628 Hh 
2 HEAR neee Phosphoric acid, 3 to6 mm.......-+++++++ 2750 to 2874 Hl 
' \ Canada balsam, 0.1 mm.........-++--e+++ 3300 
2 20 [| \ AC a : in, O.1 2000 | 
O y, N Gelatin, 0.1 mm... . 1... eee eee eee eee es mn | 
Jinepansuencanan Oa las 2 mi | 
a PGHE CLOWN. ... 02-5. eee ce eee teeta 2950 
” 1g Mi | 
Z 10} A on \ Pe Nebefe a Extra li i MI | 
ae S xtra light flint... ......--e eee eee eee ees 2980 (| ii) | 
e io oe aoa WADARS ae Medium crown... .....cceeeeee reese ee eceee ae i il Ml) 
CY SiS Me Hints bi... ce ee eee ee ee eo || 
dee | ni niu aoe 3150 | | 
00 ne 3 ; NAH | Ml 
WAUELENG Ti (NCR ENS 4000 Extra dense flint...........-eecseeeee cece 3350 | | q 
Fic. 120. Spectral transmission-factors of sil i q i ll 
- ver films deposited a EN ls oes Oba Sele Soa So a Se 1250 Mi | 
quartz plates. A, thin film; B, thicker film; C, both plates. F a Quartz crystal.........-. se cee e eee eee eee 1600 ei) 
Potassium chloride..........--e ee eee eee 1610 ay it 
: : q _ OSU eng Ce rect 1700 ae 
that for hee glass. However, clear flint or the glass ~ le hts las ae cule Laule de ekibin as 1700 i Mt || 
commonly used ; > ie 4 he nce ewe ols ernie slmendun 1750) 9: | 
Ears. for the element of higher refractive index ~ Mir and potash alum. ........-2--0+ ++. 17507 a 
in bifocal | f | . P Wh) 
enses is airly opaque to energy less than 43300. age Bi) Water... 2... eee eee ee seen neon neni es na 
‘ om of or dinary colorless class may Rah Ae perce ( - a Iceland spar... ... ccc eee e eee eee re eeees : || 
. t pesisias in midday summer sunlight below 3150. — which reaches the eye. The need for them and what they i 
ne of t i most popular tinted Jenses sold for eyeglasses — accomplish are other matters. The author likes them from iM 
Ta : eh A i | i : ; : ‘ MR || 
2 ae nies 8 to 15 percent of this energy in its lighter an esthetic viewpoint. A slight and proper tint renders the || 
n S. 1 4 om: w ° : e ° Hi Hi 
en ce nee i ty ade te this energy. Of the “eyeglasses less conspicuous and blends with the complexion i) 
gy shorter than A3500 in summer sunlight, ordinary ~ ' to a considerable degree. il 


The spectral transmission-factors of liquids are of ih 


colorless eyeglasses transmit about 75 percent and this q : 
interest in various specific cases. ‘Those of water and other ~ mi 


popular tinted eyeglass transmits about 50 percent. These © 
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liquids that can or might be disinfected or 
germicidal energy are of particular interest 
the region of A2537. The transmission- 
Clear waters have been presented and di 
perverse Ix. The practicability of disinfecting 4 
germicidal energy on fairly large scales is fain — 
established. F ortunately the absorption-coeficiad a well 
ous waters are reasonably low, although waters y ye 
siderably in their transmittance of energy of A25 ae cong 
solution is commonly responsible for much of the i my 
tion of 25 37 by water. The transmission-factor of 4; a , 
water is so great that its depth must be increased sl d 
inches before 90 percent of the incident energy of a i 
absorbed. When one part of ferric chloride is added 4 “I 
million parts of the distilled water, a depth of only 4 ae { 
absorbs about 90 percent of the incident ones oe q 
The absorption-factors of some representative A : : 
waters are presented in Table XLVIL. It is easy to visual q 
these by means of the depths which absorb 90 pea a q 
the incident energy of 2537. Waters from the ‘i 
supply system of 20 cities were found to have abso i : 
eaieaaee from 0.47 to 0.07 per inch. This means i a : 3 
epths which absorb 90 percent of the incident germicid ; 1 
energy vary from about 5 to 35 inches. Naturale the a i : 
sign of adequate and efficient systems of penitent ener 4 q 
for disinfecting water and other liquids is determined cy Gq 
the absorption-coefficient in each case. Germicidal ener a 
of sufficient intensity must reach the micro-organisms fe ; 
a sufficient period of time if they are to be killed , 
It is seen in Table XLVII that beverages aon as beers 

and wines have high absorption-coefficients. This means 
that thicknesses of a small fraction of an inch absorb 90 ae 
percent of the incident energy. This does not mean that _ 
they cannot be sterilized by means of germicidal energy. | 
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Sterilized bal 
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factors of various. 
scussed extensively, 
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TABLE XLVII 


Concrete cistern. ..- +--+ ++ +e es 


Public supply, DOGiIES Sew oF es 0.47 to 0.07 

Atlantic Ocean. ..-.---++++++- 0.23 
Beverages and foods 

Wine, red port. ....--+--++++s- 67 

Wine, sherry..-.---++eecrrreee = 


Wine, muscatel......----+-+++- 
Wine, blackberry. ....-----+-+- 70 
Beer, 3 brands......---++-++++5 
Beer, 3 brands.......----+-++>- 
Coca-Cola, bottled.........-+-- TT 


Apple juice, bottled....°. 2... .45% wv Ad 
Sugar syrup, PSO WHR sects 6 cess Ss 95 
6:2 


Sugar syrup, colorless: 3s... oe 
Milk, raw whole......----++++- 730 
Vinegar, brown.....----+-+-+++> 
Vinegar, brown.....----++-+++5 
Vinegar, colorless. ....-+-+-+++> 
Egg white....-----eereeeeeees 
Miscellaneous liquids 
Boric acid in distilled water..... . 
Plant nutrient......- Cao eee 
Methyl alcohol. ........--+---- 
Beher, WSR. 6s... ee eee 
Meme USP. os wince eerie: 
Isopropyl acetate. .......--+-+- 
Ethyl] acetate... ...-------e00- 
Butyl acetate... ...--..+- eee 
Butyl alcohol........-----+-+++- 
Ethyl alcohol, denatured........ 
Isopropanol.......----+-++++- 
Cellosolve acetate.........--+-- 
Behyliiactate... 3.0.5. ee ee e's 
Nitropropane.......---+++++++> 
Carbitol solvent...:.....--+--- 
Methyl ethyl ketone........--- 
IDIACCONE) 6. ok oe as seins oo bis'e o oie 
ENC) os oe oie ocr ws laeies eee 
Amy! acetate........ SRE Bere meat sok 
BE VSSSO foe Sie fb ol ee ae He Oe 
Beetle lacquer.......--+-++see 
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a (per Inch) of Various Liquids and the Depths in 


Inches 


4 ; tion-Coefficients ds 
: Bye Which Absorb 90 Percent of the Incident Germicidal Energy of 42537 
a 
Clear waters 
Pcalled 2). ows -e eres 0.02 
Swimming pool.....---+++++++: 0.08 
Drilled well...------+---e see 0.14 
Michipool:- ij.) se. - secre ee eee : 5 i : 
FEU rie.. oie erect tts : 
Ce 0°75 


3 
5 to 35 
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less than 0.05 
less than 0.05 
less than 0.05 
less than 0.05 
less than 0.05 
less than 0.05 
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Such liquids can be flowed in thin layers over riffles Under 
a bank of germicidal sources. They might be flowed slowly 
through a container in which the germicidal sources ie 
immersed in the liquid. These possibilities are illustrated ine 
Chapter XVI. | | a 
Sugar syrup has a very high absorption-coefficiens | 
Possibly this accounts for some of the absorption } L 
Coca-Cola and apple juice. Colorless vinegar has a lower 
absorption-coefficient than brown vinegar due chiefly to 
the absence of coloring matter. Experiments have shown. : 
that the organisms which produce the “mother” can bell 
killed by energy of A2537. Some efforts toward Partially | 
disinfecting milk were made years ago with the quartz 
mercury-arc. As seen in Table XLVII, a very thin film off 
milk absorbs 90 percent of the incident germicidal energy, 
Many other liquids have been examined for their 
transmission of 42537. Some of these have been included _ 
in Table XLVII to show that most liquids have high a 
absorption-coefficients for germicidal energy. — 
A film of raw whole milk, 0.15 mm. or 0.006 inch — 
thick, was found to transmit only 1.3 percent of the inci- 
dent germicidal energy of 42537. It transmits 0.9 percent _ 
at 42804, 8.6 percent at 43130 and 11 percent at A3650. } | 
In artificially infecting water with B. coli in order to | 
study the rate of killing with germicidal energy, it is desir-_ 
able to introduce a slight amount of nutrient. Naturally the a 
effect of this on the transmission of the water is of interest. a 
Using Levine’s Eosin Methylene Blue Agar in distilled water _ 
we found that, with a concentration of 4 mg. per liter of — 
water, a 12-inch depth of the solution transmitted 40 per- | 


cent of the incident energy of 42537. With a concentration _ 
of 8 mg. per liter of water, 90 percent of the incident 7 


energy of A2537 was absorbed by a 15-inch depth of the ; : 
solution. With a concentration of 32 mg. per liter of water 7 
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: Be nc at low concentrations which are generally adequate 
a xperimental work on the disinfection of water which 
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§ é-inch depth of the solution absorbed about 90 percent of 
a Ov 


energy. The effect of the nutrient upon the 
of germicidal energy by the water is insig- 


infected with B. coli. If for any reason higher 


‘ons are used, such as those mentioned in this 
aph, their effect in significantly increasing the 


f the water should be taken into account. 
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Measurement of Ultraviolet Energy 


MEASUREMENTS, and coordinations of them among them 
selves, and with various effects, provide the basis of 
knowledge. They are essential in establishing a scientife | 
foundation for technological practices. ‘They are also essep_ ~ 
tial in actual practice. For laboratory purposes, the devices 
and techniques may be as complicated and cumbersome ag | 
necessary to meet the requirements of sensitivity and accy. § 
racy. For field work, simplicity and portability are desirable © 
characteristics. In the course of decades of laboratory re. 7 
searches many complex devices and techniques are devel. J 
oped and some of these have extensive practical applications, 7 
In the present discussion some of these are briefly discussed, : 
and where space is not given to details, the reader is re- 9 
ferred to the original papers in which they are described, 4 
This discussion does not aim to be a complete review of all 
the measuring devices and techniques. Instead, its purpose © 
is to present adequate glimpses so that the reader will have a — 
fair understanding of the possibilities of measurements and | 
of the availability of devices suitable for major uses of 
ultraviolet energy. 4 
If one is satisfied merely to measure the radiant energy 
of various wavelengths, any energy-measuring device or “7g 
method suitable for the purpose may be used. However, in ~ 
the use of ultraviolet energy we are inevitably interested in © 
various effects. In the major use of light for seeing, we do — 
not merely measure visible radiant energy. We evaluate it © 
in accordance with its ability to produce luminosity or the — 
sensation of brightness. In this case the spectral sensitivity 


of the visual sense, or the “spectral luminosity curve” of | 
398 : 


installed for each 300 sq. ft. of floor area. 
germicidal sources were operating (lower 
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), The difference in the concentrations of air-borne micro 
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rmal human eye is available as illustrated in 


the use of ultraviolet energy, various effects are of 
J terest but, with the exception of the spectral germicidal 
ufectiveness and spectral erythemal effectiveness of energy 
of various wavelengths, only vague spectral data are avail- 
able. For example, the spectral range of antirachitic effec- 
yeness is roughly known, but the effectiveness of energy | 
of various wavelengths is not established as it is for erythe- 
mal effectiveness (Fig. 30) and germicidal effectiveness 
(Fig. 34). Some of the other effects of ultraviolet energy 
are indicated in Figs. 26 and 38. Practical applications of a 
the major uses of ultraviolet energy need not await the 
development of desirable spectral data pertaining to other 
major effects of radiant energy. In all fields practice 
“proceeds while science advances and refines knowledge. 

q Germicidal flux from low-pressure mercury-vapor 
‘sources 1S concentrated at 42537, and it is easy to isolate. 
‘This eases the difhculty of making relatively simple devices 
for ‘measuring it. This energy, being concentrated in a 
r arrow spectral range which fortunately is practically co- 
incident with the maximal germicidal effectiveness of ultra- 
violet energy, makes it unnecessary to weight energy of 
various wavelengths for there is none. On the other hand, 
if the quartz mercury-arc of higher vapor pressure is used, 
the energy of various wavelengths must be weighted in 
accordance with the germicidal effectiveness of each wave- 
length as illustrated in Fig. 34. 

The antirachitic effectiveness of ultraviolet energy 1s 


AG 


7 


known to be largely confined to wavelengths shorter than 
43100. In the absence of established relative effectiveness of 
energy of various wavelengths, it 1s impossible to accurately 
Weight the heterogeneous energy emitted by a source. In 
parts of the ultraviolet spectrum the antirachitic and ery- 
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themal effectiveness are roughly coincident. For this ant 
other reasons erythemal flux and effectiveness are a 
practical interest and value. | 


One may similarly lament the absence of data pertain. 
ing to various beneficial and useful effects of ultravioler » 
energy. However, with a general view combined with thel 
available knowledge of details, practice need not mark time 
nor progress blindly. Careful practice, accompanied byl 
measurements, aids science while science is directing ang 
refining practice. q 

In various preceding chapters measuring devices and 
techniques have been discussed and many measurements _ 
have been presented. ‘These need not be repeated here, For 
example, in Chapter VII devices for sampling air for its 
content of micro-organisms have been adequately discusseq_ 
and efficient portable devices have been described. In Chap. 
ter [X a practical device for measuring the transmission and _ 
absorption of germicidal energy by water and other fairly q 
transparent liquids is illustrated and the results are pre- | 

sented. In Chapter XIV devices for measuring the reflec. _ 
tion and transmission of various media are illustrated and { 
discussed. 
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+ carious wavelengths is illustrated in Fig. 121. It is seen 
ges fluorescence is entirely due to ultraviolet energy 
that E ot transmitted by ordinary glass and fortunately 
a for energy in the region of 42537. 
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; J 121. The relative sensitivity or fluorescent brent er ne sili- 
cate for equal amounts of incident energy of various wavelengths. 
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: ining these facts, Luckiesh and Taylor **° pro 
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duced a simple attachment for a G.E. Light Meter illustrated 
Gn Fig. 122. It consists of a layer of zinc silicate on a piece 
of ordinary clear glass and covered with a piece of clear 
quartz. When exposed to energy of 42537 with the par 
plate uppermost, the phosphor fluoresces and the light 
meter indicates Q footcandles. A part of this deflection is 
due to the fluorescence of the phosphor and the remainder 
is due to light from the germicidal source which. is trans- 
mitted by the entire device. When the device 1s turned 
over so that the glass is uppermost, the germicidal energy 
does not reach the phosphor and the light meter reads G 


The measurement of germicidal energy from low- q 
pressure mercury-vapor sources is somewhat simplified by — 
the fact that about 95 percent of all the ultraviolet energy | 
is emitted by these sources in a narrow band at 2537. _ 
About 98 percent of this ultraviolet energy is absorbed by © 
a sheet of ordinary glass. Therefore, by the use of clear : 
quartz and clear glass the energy of 12537 can be isolated. © 
This is a simple and practical expedient which is very useful { 
in connection with the fluorescence of zinc silicate whose _ 
relative sensitivity or fluorescence due to ultraviolet energy 7 


402 Measurement of Ultraviolet Ey 
footcandles. Q —~G represents the deflection 
excitation of the phosphor by the energy of 2537. Fach 
footcandle deflection of Q — G is produced by about 40 


microwatts per sq. cm. of energy of 42537. Each device ic 
calibrated and its individual constant is supplied. 


have a very simple device which is adequate for c 
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Fic. 122. Attachment for General 
ment of germicidal energy. 


Electric Light Meter for the measure. | 
different germicidal sources of the same Wattage or for © 
determining the depreciation of a given source. When this © 
attachment is used with an ordinary G.E. Light Meter it is 


Meter, it is useful at distances up to 4 feet. 


Taylor ** has compensated for the non-fluorescent — 
brightness of the phosphor by connecting two light-sensi- ] 
tive cells in series, one being covered with quartz and the 7 
other with glass. Both covers are coated with zinc silicate : 
on their inner side. This meter, illustrated in F ig. 12358 | 
| connected to a portable galvanometer so as to measure the : 
difference in current generated by the two cells. By proper 1 


Thus Wea . 


quite useful at distances up to 2 feet from a 15-watt germi- 


cidal source. When used with a high-sensitivity G.E. Light q 


ortable galvanom- 


oht-sensitive cells used with a sensitive p 


ouble lig 


Fic. 123. Compensated d 
eter. Lhe deflections are 


£2537. 


1 to the intensity of energy 0 


directly proportiona 


Measurement of Ultraviole; Energ 


selection of the two light-sensitive cells and b 
thickness of the phosphor coating, it is possible to } 


C 
out the response due to energy other than 2537. The 
sensitivity of this device is about one microampere fe 


Compensated double light-sensitive cells connected to a micro- 


ammeter. The cells are covered with a water-tight quartz plate for use 
under water. 


intensity of 10 microwatts per sq. cm. of energy of 42537. 
This meter is useful at distances up to 6 feet from a 15-watt 
germicidal source when used with 4 portable microammeter — 
and up to 25 feet when used with a sensitive portable 
galvanometer. The two cells have also been covered with 
a quartz water-tight cover to measure intensities of germi- 
cidal energy at various depths of water.!2 Such a device 


connected to a portable microammeter is illustrated in 
Fig. 124, 


Tt an 
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i isti cadmium- 
Fic. 125. An indicating ultraviolet meter consisting of a 
"magnesium phototube and amplifier. 


406 Measurement of Ultraviolet Eno 


A decade ago Koller and Taylor ** 
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Fic. We The wiring diagram for the amplifier illustrated in Fig, 125, { 


est. Asa result, they produced a phototube having a cathode 
of cadmium-magnesium alloy in a bulb of thin Corex D 
glass. Individual tubes vary in spectral Sensitivity but in | 
general they are not sensitive to energy of wavelengths 
longer than about 3200. They can be used throughout the q 
erythemal region of the ultraviolet spectrum and various _ 


Igy 
were interesteg + 
ed in 
developing a phototube applicable to the measarement q 

Of 


erythemal energy in the s i -a) 
y oy pectral region of practica] inten, 
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; fe asu rem 
i plications have been described by Luckiesh and Taylor.™ 
** with the amplifier illustrated in Fig. 125, this photo- 
sabe has proved very satisfactory for the measurement of 
q ergy of .2537, for not more than one percent of its 
“response is due to energy of other wavelengths. The low 
gensitivity of this phototube to radiant energy from com- 
‘ a light-sources makes it possible to measure germicidal 
energy in an illuminated room. If daylight enters the room 
through ordinary window glass, this device can be used in 
daylight. This meter weighs 12 pounds and 1s useful at 
distances up to 150 feet from a 15-watt germicidal source. 
In Fig. 126 is reproduced the wiring diagram of the 
amplifier illustrated in Fig. 125. The sensitivity is varied by 
selecting the proper grid-leak resistor by means of the 
witch S-1. These resistors range from 100,000 ohms to 
500 megohms and by using a half-scale setting of the 
" nicroammeter, the sensitivity can be varied over a range of 
about 1 to 10,000. The switch S-2 connects the micro- 
) ammeter into the circuit. By means of switch S-3 and the 
potentiometer P, the plate current of the 1B4 vacuum 
tube is adjusted for zero reading of the microammeter. This 
is done when the photocell is not exposed to ultraviolet 
energy. When the photocell is exposed, its current is ampli- 
fied by the vacuum tube and the deflection of the micro- 
ammeter is proportional to the intensity of the ultraviolet 
energy incident on the photocell. The milliammeter and 
theostat are used in adjusting the current through the 
filament of the vacuum tube 1B4. 

_ When germicidal energy is used to disinfect the upper 
stratum of air in an occupied room, some energy is reflected 
by the ceiling and upper walls. For 8-hour occupancy a 
limit of 0.5 microwatt per sq. cm. has been tentatively 
established for the intensity of germicidal energy on the 
occupants. A simple device for measuring these low inten- 


_ Fic. 127. A simple device for measuring intensities of germicidal energy q 


fie 
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sities, developed by A. H. Taylor," is illustrated ; 
127. An old-style footcandle meter was used as a ba 
the principle can be used in other ways. The upper 
metric surface is coated with a suitable phosphor 


0 Fig, 
“1S, but 
Photo. 
Such ag | 


from 0.2 to 20 microwatts per sq. cm. 


) This me 


iy 


tice. 
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ter must be used in the absence of light from other 
sources: Lhe surface of the phosphor is quite diffusing so 
shat it integrates fairly well the incident germicidal energy 
F hich arrives from various directions. 
GjOLOGICALLY-BENEFICIAL ENERGY 

v e ) 

- Jt has been repeatedly emphasized that devices and 
q ethods of weighting ultraviolet energy according to its 
L. 


4 rythemal effectiveness usually have as their real objective 


the determination of antirachitic or, more broadly, bio- 


logical effectiveness. Measurements of erythemal flux and 
jntensities at least provide a basis of comparison and prac- 


This is particularly true of the ultraviolet energy in 
daylight which is absorbed by ordinary window glass. 


Thus considerable attention has been given to the spectral 


DH region from 42800 to 43200. Theoretically, the solution of | 

: the problem is rather simple, for it 1s only necessary to 
> obtain a receiver which weights ultraviolet energy in this 
1 egion according to the spectral erythemal effectiveness 


illustrated in Figs. 28 and 30. Practically, the difficulty lies 


Yin finding or developing a receiver of this basic spectral 


characteristic. It may be a phototube or other light-sensitive 
cell, a fluorescent material or a chemical reaction, a filter 


zinc silicate. When this is excited in the absence of other 9 
light-sources, the brightness of the fluorescent surface is 
due to the energy of \2537 plus a very low brightness due © 
to the light from the germicidal sources. The non-fluores- 
cent circular spots derive their brightness from the small 
filament lamp at one end of the trough underneath the 
photometric surface. The color-difference is minimized by | 
means of a tinted filter. The numerals on the scale could be © 
of a different color of fluorescence, but in any case they 
must be large enough to be read at low brightness-levels. | 


with a suitable spectral-transmission characteristic, or a 
‘combination of any of these. 


If the ultraviolet energy in the region of A2800 to 


© 43200 is weighted so as to determine the erythemal flux, 
there is little doubt that this is approximately related to 


antirachitic flux or, more generally, biologically-beneficial 
flux. From the scanty available data, it appears that certain 


) biological benefits are obtained from ultraviolet energy 


s orter than 2800. It is also quite likely that the effective- 
Ness of energy of these shorter wavelengths differs con- 


themal flux is a rough measure of the biological b 
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| Jy _ ; ; ‘ 
is is 7 7 gy expedient. However, it 
siderably, depending upon the effect. This is illustrated + Beans, we are forced to rep wae ” sia arnt : : 
Fig. 26. Therefore, we arrive at the conclusion that ¢ . Bes provide guidance in the de 


®.. cafe for human eyes and skin. e 

a : the search for a suitable receiver, various devices 
q d B hods have been developed. Most of these are obvi- 
q 1y crude appraisers of the ultraviolet energy of interest. 
Bc were summarized elsewhere * in 1930 so that in this 


hen oA NG eae | chapter the discussion is confined chiefly to more recent i 
y, IN q Cc! : ; thor | 
ee SS | y ts. Most of these are the products of the au | 
EEE 7 Ps PRSETREDE SOOENUATND RY SE * LER (USUI [ORE q developmen ; | 
ee / se ’ id his colleagues who have worked continuously in this ii 
\ ' | an e bs MI 
m/l inom RE Fenn AO i a Geld. Taylor **® investigated various phototubes, fluorescent | | 
Y neid. : : a 
‘ace eee ae ~ q aterials and filters in a comprehensive study and com | 
! = nared various devices and methods. hi 
No We TO NN ae a 1 © Several investigators +” had found that cadmium photo- il 
BO oe AA tubes were promising appraisers of erythemal flux. Taylor | 
eS el lg a 9 continued this work with the result that he lve il 
> a -' : $ 118 1 a 
rE ‘f N e . 1gGe a H) | 
ie ieee Se AACE VI TS : ractical instruments and with Kerr *** prov | 
Pa oe < @ various p : il 
a a yy suitable amplifier which was the forerunner of several i 
Ta RO a a | _ others 144 In Figs. 125 and 126 is illustrated a very sensitive i 
\ q ee . ° ° - 1 MI 
a indicating meter which is one of several types which ii] 
7 resulted from this work. oe | 
Saale CLA ALES ee ee : e In Fig. 128 are plotted the spectral sensitivities of typr- il 
ase ; ae ee ee ee cal cadmium and cadmium-magnesium photocells during | 


34370 df ” 
ERYTHEMAL EFFECTIVENESS ——~-——-—- 


G0 ee Sm 


exemlne 


the early progress of this development. They are compared il | 
"with spectral erythemal effectiveness on average untanned | 
skin. It is seen that their spectral sensitivity is fairly satis- Hl 

: factory in the region from 42900 to A3200, and their con- 
‘tinuing high sensitivity from 2900 to A25 00 probably | 
‘provides a better measure of biological benefit than ery- || 
themal effect does. ao i 
It is interesting to compare the spectral sensitivity of © i 
" various devices and materials, in Fig. 129, which have been Hi 
proposed or used for appraising erythemal flux. The fluo- 
tescence of uranium glass C is entirely unsuitable even with | 
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Fic, 128. Relative spectral sensitivity of a cadmium and three cadmium. ; 
alloy photocells compared with the erythemal effectiveness of energy 
particularly from 42950 to 3200. ¥ 


ultraviolet energy in outdoor sunlight and skylight and in 9 
artificial sunlight to which we can be safely exposed for 

any desired period of time. There is less certainty about 
the relationship of erythemal flux to biologically-beneficial 
flux from A2800 to A2500, but in the absence of a better, 
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a red-purple filter which absorbs most of the visible eneraill 
The blue-fluorescing glass B was first mentioned Ys 
H. P. Gage and was studied extensively by Taylor a v2 


Holladay **° along with various other devices and Materialy 
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Fig. 129, Relative spectral sensitivity of various materials to ultraviolet 
energy. A, erythemal effectiveness; By, blue-fluorescing glass with red- 
purple Corex A filter; Bz, blue-fluorescing glass with and without 1.5. 
mm. pyrex filter; C, uranium glass with red-purple Corex A filter; D, 
cadmium photocell with Uviol filter; E, zinc sulphide; F, lithopone. — 


including photochemical reactions, fluorescence, phospho- | 
rescence, photocells, and non-selective devices with appro- 
priate filters. In Fig. 130 is illustrated an indicator of 
erythemal flux in which a blue-fluorescing glass is covered 
with a red-purple ultraviolet-transmitting filter. Modifica- 
tions of this have been devised for quantitative measure 
ments. 
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q pfund *”° found that bromine vapor filters out visible 
j e ultraviolet energy and has a maximum 
BY emittance in the region of 43100. He filled a thin glass 
i ith this gas and placed it in front of a uranium glass 
4 | Anoresces a yellow-green. The combination of the 


fic. 130. An indicator of erythemal energy using blue-fluorescing glass 
overed with a red-purple ultraviolet-transmitting Corex A filter. 


spectral transmission of the thin glass bulb and the bromine 
japor with the spectral response of uranium glass produced 
1 device with a maximum sensitivity close to 4296/7. ‘The 


Sensitivity drops rapidly on both sides of this maximum. 
‘The data pertaining to the various elements are presented 


elsewhere.* | 
' Rentschler 1** developed a method which integrates the 
utput of ultraviolet energy over any desired period. The 


lectrical circuit is illustrated in Fig. 131. The battery B 
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oh icc neg the total quantity of effective radiant energy 
1 to the total number of discharges. 


charges the condenser C at a rate determined by the hol 
electric current produced in the uranium photocel] p wi “7 
ultraviolet energy is incident upon its cathode, The . j 
of charging or discharging of the condenser has usually 
been measured by means of an electroscope or electromad 
ter. Rentschler introduced a specially designed glow relay 
tube G in place of these devices. It has for a cathode ay 


ABABA 


™M 
Fig, 131. Diagram of electrical circuit of Rentschler’s ultraviolet meter, 


iron metal cylinder K. There are two anodes. A is a starting | 
anode, preferably of thorium metal, and D is the main 
anode. A small iron or nickel wire T is welded to the 
cathode so that a short gap exists between it and the start- | 
ing anode A. The main anode D is connected to B through © 
a relay R. When ultraviolet energy falls on the cathode of a 
the photocell P, the photoelectric current charges the con- 79 

denser C and eventually a discharge takes place between | 
K and A, the cathode resistance of the glow tube is broken © 
down and a current flows between the main anode D and 
the cathode. This operates a relay, registers the count, and 
opens the main circuit M, Simultaneously the condenser 1S 
discharged and the cycle begins again. The intensity of 
ultraviolet energy capable of producing photoelectric cur-) 
rent in P is proportional to the rate at which the counter © 


Obviously, the accuracy with which the eres 
energy is weighted erythemally depends upon the Ae 
“sensitivity of the uranium photocell. According to Rentsch- 
ler, it does not respond to energy longer than 43200. By 
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using an envelope of quartz or of a suitable ultravioles 
transmitting glass, this cell and the entire device will mak 
a continuous record of the ultraviolet energy | 
43200 and any desired shorter wavelength. 
Taylor *” devised adaptations of this principle and 5 


7 


J 


between 


Fic. 133. Diagram of the electrical circuit of the integrating ultraviolet q 
meter illustrated in Fig. 132. 


using cadmium and cadmium alloy photocells produced 
several portable integrating meters which appraise ultra- 
violet energy in terms of biologically-effective flux. One © 
of these, with the phototube lying on the cover, is illus-— 
trated in Fig. 132. The registering counter is shown in the - 
middle near the bottom of the control-board. The indicator © 
lights up at each discharge of the condenser. One of these q 
devices was used to obtain a continuous six-year record of © 
the intensity of erythemal energy and the E-viton-hours _ 


i 


per sq. cm. in the radiant energy received by a horizontal 


T> 
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a. 


e from the sun and entire sky. The data are presented 
a 93 and 24 in Chapter Il. 


The wiring diagram for this integrating meter 1s illus- 


¥ ° ° e ° ] on a 
fated in Fig. 133, as developed for operation directly c 
15-volt Be Gaoearrent supply. The half-wave rectifier 


{ 
= 


8 


| ube /-V furnishes direct current to the photocell PC and 


for the plate current of a vacuum tube 71 -A. The photocell 


rent charges the condenser C-2 until its voltage rises 
sh enough to cause a discharge through the 0.25-watt 
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jeasut em 
neon glow-lamp N. This produces a momen 


| | ich in turn discharges through the 0.25-watt neon 
tary Negatiya A whic | 


° ° : : t 

; : rer P emits an audible click a 

bias on the grid of the vacuum tube 71-A and a temporal amp N. A telephone — eee 

reduction of its plate current. A telephone-message ny i Bch discharge. The mee i 
corder MR in series with the plate of 71-4 registers the . themal flux in the case of n 


ortional to the rate of clicking of the telephone 
ae The total number of clicks in a given period of 
: . oportional to the total quantity of the ultraviolet 
meee i i a Be, | energy received by the phototube in the given 
: Pc 


impulse and also operates the switch S-4 which gi 


: eee : : Ves | 
visual indication of the registration. @ 


P The phototube is of the vacuum type and, since the 
time. 


“aplied voltage is above the value at which the ata 
t becomes constant, the meter rate 1s very ittle 
© ced by variations in line-voltage. For sepals a - 
; nd that a 30-percent change in voltage altere : the 

Be ickin ercent. 

7 oo a : ‘cored a compact meter operating on 
th BE nc Fiaciple but using dry batteries instead of - 
‘ lternatine current. With ordinary usage, the life o 
a ries ic of the order of their shelf life. This ig 
, ecessarily larger than the one illustrated in Fig. 134 in 
4 fe: to accommodate the batteries but it weighs ss : 
Bounds. Its wiring diagram 1s illustrated in ae eo ; | 
4 eter of this type has been carried far beyond the oF 
ries of civilization for the purpose of measuring the 2. 
themal energy in daylight in the jungle, in the open oe 
mountain tops. On the inside covers of these meters, 
trated in Figs. 134 and 136, are tabulated the necessary 
data for converting the rate of clicking into ih or 
E-vitons per sq. cm. of ultraviolet or erythemal energy, 
: nding upon the source of radiant energy. ‘ 
In a number of these meters described and used by the 
‘author and his colleagues, cadmium-alloy phototubes me 
: employed with amplifiers designed for the panes padi 
Since they are essentially phototube amplifiers, they may 


Fie. 135, Wiring diagrams: a, for the ultraviolet meter illustrated in 
Fig. 134; b, for battery-operated ultraviolet meter illustrated in Fig. 136, 


Simplified portable meters are desirable for many 
investigations. By eliminating the indicating meters and 
substituting a telephone receiver, rather small integrating 
meters have been developed by Taylor *** which are ade- 
quately sensitive for many researches and field investiga- 
tions.“ A pocket-size integrating meter is illustrated in 
Fig. 134. It utilizes a cadmium-alloy phototube PT whose. 3 
location in the circuit is shown in A, F ig. 135, A small 
high-voltage rectifier R provides ‘half-wave rectification 
and charges the condenser C to furnish direct current for 
the phototube. By means of the 3-contact switch S the 
phototube can be connected to any one of three other con-" 
densers of different capacities to vary the sensitivity of the 


meter. [he phototube current charges the series condenser 7 


' depe 


SS =: aa 
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a. I gsurement of Ultraviolet Energy 


a ‘ning a suitable phototube and filter, energy in various 
D nectral ranges can be measured. 

"The measurement of long-wave or near-ultraviolet 
is of interest in connection with fluorescent mate- 
d effects and in other ways. Some of the devices 
n described in this chapter can be used by 
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be used with any type of phototube to measure the intel 
sity of radiant energy to which the particular photorfil q 
e BS 
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Whe. 137. Spectral sensitivity of A, PJ-22 phototube; B, FJ-401_photo- 
tube; C, blocking-layer photo-sensitive cell used in the General Electric 


ight Meter. 


| 
a 


Mg 


‘altering the resultant spectral sensitivity of the receiver or 
by choosing one of the proper spectral characteristics. One 
of the simplest devices is made by using a “black light” 
Milter with the light meter illustrated in Fig. 122. 

"It is seen in C of Fig. 137 that the blocking-layer 
light-sensitive cell, used in the light meter, is sensitive to 
Tong-wave ultraviolet energy as well as to visible energy. 
Therefore, with a suitable filter, such as red-purple ultra 

(Corning 587) about 5 mm. thick, the light meter can be 
Hused to measure ultraviolet energy from 43200 to 44000. 
Most mercury-arcs have a strong emission band at 43650 to 
43663. This filter has a transmittance of approximately 65 


a 


Fic. 136. A battery-operated : : : 
ultr P 
same principle as Fie, 4, : aviolet meter which operates aii q 
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sensitive. For example, when used with a caesium photo- © 
tube the result is a very sensitive meter for light or visible ] 
energy and for long-wave ultraviolet energy. By com- | 
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percent in this spectral region. It absorbs most of a 
energy from mercury-arcs emitted in the spectral bandg E 

44048 and 44358. The spectral transmission of typical ulna g 
violet filters is illustrated in F ig. 138. These Corning filte E 
Nos. 5860, 5874 and 5970, transmit practically no light on 


visible energy. The other glasses are those used with Varions” 
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Fic. 138. The spectral transmission of typical ultraviolet-transmittine 


filters, Corning 5860, 5874, and 5 970, which transmit practically i 
visible energy. 


sources of ultraviolet energy. They can be used for 
phototubes and other receivers. : 

Ultraviolet energy in the region of 43650 can also be 
measured by various phototubes that are now available, - 
The spectral sensitivities of some of these are presented = 
elsewhere ** and data can generally be obtained from the 
manufacturer of phototubes, but some examples may be o i 
interest. In B of Fig. 137 it is seen that the spectral sensi- 
tivity of phototube FJ-401 is quite high in the region of 
43650. With an ultraviolet-transmitting filter such as 
Corning 587 red-purple ultra, this phototube effectively 
measures the long-wave ultraviolet energy emitted by cer- 
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"sensi 


, ion 1 ‘ ° ° 
Bee oecandles. Gibson 124 has described a filter with high 
7 Be crission at 45600 and with low transmission for energy 


shorter than 45400 and longer than 45700. This filter could 
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mercury-ares and other sources. It is seen that ons a 
be as PJ-22 used with proper filters can be use . 
light. In this case the filters should modify the 
ransmission so that it approximates the spectral 
tivity curve of the visual sense as illustrated in Fig. = 
In many determinations of the spectral distribution o 


ypototu 


a ergy in daylight,” it was found that when these spectral 
en 


were plotted on an equal-illumination basis, they 


curves 
a d at approximately the same spectral region. At 


jntersecte 


5600, the spread of the various curves is only about 5 


mercent. Therefore, the intensity of a narrow band in that 
i s almost directly proportional to the illumination 


he used with phototube PJ-22 or FJ401 to measure 
jntensities of daylight. 
LARGE-SCALE DAYLIGHT INDICATOR 


An instrument was developed primarily as a large- 
Eeale indicator of the footcandle-intensities of daylight 
‘outdoors."** The scale of one of the devices, illustrated in 
Fig. 139, has been located in the author's office for more 
‘than a decade. The arrow indicates at all times the intensity 
& iumination on a horizontal surface outdoors exposed to 
the entire sky. It could be installed on a billboard or else- 


phototube, it would register the intensity of erythemal 
energy in any unit such as E-vitons per sq. cm. Installed on 
a bathing beach or near an outdoor swimming pool, it 


© could indicate the number of minutes of exposure necessary 
“to obtain a minimum perceptible erythema or a vivid 


erythema on average untanned skin. 


3 


1 i i dmium-alloy 
where. By using a proper receiver, such as a ca y 


, j ; Be 
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_ ; n motor having a speed of 2 rpm, but the relays are Hil) 

a ie of controlling a much more powerful motor such | 
j eid be required to move a large pointer ona billboard. | 
’ 5-volt dry cell is used with the potentiometer and, | 
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POTENTIOMETER CONTACT 
AND INDICATOR HAND ORIVEN 
BY REVERSIBLE MOTOR RM 


[DAYLIGHT OUTDOORS = 


Fic. 139. A large-scale footcandle indicator of outdoor daylight which q 
can be installed indoors or outdoors. It could also indicate intensities of 
erythemal energy at bathing beaches and outdoor swimming pools, 


The diagram of the electrical circuit of an indicator © 
of daylight intensities in footcandles is illustrated in Fig, : q 
140. ‘The meter includes three distinct electrical circuit 
follows: 


(1) A light-sensitive cell which supplies current to a micro-relay having 
high- and low-current contacts. Opposing the light cell, across the 
relay, is a high-resistance potentiometer and battery which automati. _ 
cally tend to keep the micro-relay needle floating between the high. 
and low-current contacts. a 

(2) An amplifier circuit employing a rectifier tube (5Z4) and a twin triode — 
tube (6N7). Relays R-1 and R-2 in the two plate circuits control the a 
motion and direction of rotation of q 

(3) A reversible motor RM which drives the indicating hand and the con- a 
tactor of the potentiometer. : q 


Frc. 140. Diagram of the electrical circuit of a device toh: eae i 
‘outdoor intensities of illumination. By using the piel das ee osuice | | i 
indicate erythemal energy and the time in ees n y iN 
any degree of erythema on average untanned skin. Hi | 


‘since the current drain is very low, its life is quite long. i) 
) All other power for the meter is obtained from a 115 -volt WW 
alternating-current supply. A | | I) 
This indicating instrument has many applications, such Hi 
Eas maintaining the constancy of artificial illumination, ultra- | | 
violet energy, etc., by using a reversible motor to control Hl 
" resistance in the lamp circuit. It can be employed to meas- Hii 
‘ure the ultraviolet energy in daylight by using a phototube 
of suitable spectral sensitivity. If the current obtainable a) 
q 


| When the micro-relay needle touches one of the con- am 
tacts, it short-circuits one of the grids and the cathode, put- 
ting zero bias on that grid of the 6N7 tube and producing a_ 
large increase in the current in the corresponding plate 
circuit. This causes relay R-1 or R-2 to close and start the 4 
motor rotating in the proper direction to move the poten- 
tiometer contact and bring the micro-relay needle back to” 
the floating position. The motor used is a reversible Tele- 
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from the phototube is too small to actuate the micro-rela__ 
directly, it can be amplified before application to the relay. 
Inasmuch as the micro-relay may in time fai] a 
operate properly by reason of its contacts sticking togethe, _ 
there has more recently been developed a meter empl "4 


4 rerm radiant energy 1S commonly used for radiant power 
“put usually this is merely inexact and not confusing. Expo- 
sure or dosage is also commonly confused with intensity 
of exposure or dosage. 


elay { i 


oyin 4 


no relays. Ihe new meter is applicable principally with tad 1 erg = 1 dyne-cm. 

phototubes rather than with the blocking-layer type of _ 10? ergs z ae ae 

light-sensitive cell. | _ 2 0.239 eram-ealric 
| Power 


TUNGSTEN-FILAMENT DRYING LAMPS 


1 watt = 10” ergs per sec. 
= 10° milliwatts 
= 10° microwatts 
1 erg per sec. = 10~” watts 
= 10-4 milliwatts 
= 107! microwatts 
1 E-viton = 10 microwatts of erythemal flux 


Tungsten-filament lamps, as efficient producers of q | 
radiant energy, are becoming widely recognized for drying _ 
paints, vegetables, fruits and other materials. In many cases _ 
the surface of the material merely absorbs the radiant en__ 
ergy. [hen by conduction the material is heated at a depth, 
The result is a hastening of evaporation of the volatile 
medium in the paint, water in fruits and vegetables, etc, 
These lamps afford a safe, convenient and readily contro]. 7 
lable means of drying materials. In general the operating : 
temperature of the filament is determined by the economics 
of the case. . 

In case a material is appreciably transparent or trans-_ 
lucent to radiant energy of a certain spectral range, it is 
easy to determine the color-temperature of the filament 
which will produce this radiant energy most efficiently. In — 
some industrial processes it may be worth while to fit the 
filament temperature to the task. 


Intensity of radiant power (per unit area) 
1 microwatt per sq. cm. = 10 ergs per sq. cm. per sec. 
= 0.929 milliwatt per sq. ft. 
1 milliwatt per sq. ft. = 1000 microwatts per sq. ft. 
= 1.076 microwatts per sq. cm. 


Intensity of radiant power (per unit solid angle) 
The surface of a sphere subtends 47 steradians. 
1 milliwatt per steradian produces 0.1 microwatt per sq. cm. on a spher- 
ical surface at one meter from a point source. 


Exposure or dosage 


This is the product of radiant power and duration in seconds, minutes or 
hours. | 
1 microwatt-second = 10 ergs 
1 microwatt-minute = 600 ergs 
1 E-viton-min. = 6000 ergs of erythemal flux 


i 
u 

an 
Bh 


Intensity of exposure or dosage (per unit area) 
1 microwatt-second per sq. cm. = 10 ergs per sq. cm. 
1 microwatt-minute per sq. cm. = 600 ergs per sq. cm. 
1 E-viton-minute per sq. cm. = 1 Finsen-minute 


UNITS, TERMS AND MAGNITUDES. 


Owing to a lack of standardization it is inevitable that ~ 
various units and terms are used interchangeably. There- 
fore, some of their relationships are presented herewith. In 
addition some relatively new terms used in these chapters ~ 
are included here. As emphasized in early chapters the 


Chapter XVI 


Various Applications of Radiant Energy 


THE PRIMARY purpose of this book is to provide a scientific 
basis and technology for certain major uses and effects of 
ultraviolet energy. With the availability of various efficient 
sources of germicidal and biologically-beneficial energy, 
extensive applications in the indoor world are now possible. 
Besides these major uses and effects there are countless 
special applications of radiant energy from the various 
sources available. All these will eventually be made by 
those who are intimately associated with the needs. It is 
only necessary to become acquainted with the variety of 
artificial sources and the means of applying them to their 
needs. Ihe preceding chapters should provide helpful data 
for many of these specific applications. However, addi- 
tional aid may arise from brief discussions of some specific 
uses which promise to become extensive. 


STERILIZING HIGHLY ABSORBING MATERIALS 


Germicidal energy of 42537 must reach micro-organ- 
isms in sufficient intensity for a sufficient period of time if 
it is to kill them. Fortunately, air is quite transparent to this 
energy and the absorption-coefficients of clear water are 
not too great; but most other materials are highly absorb- 


ing. As indicated in Table XLVII rather thin layers of | 


beer, wine and vinegar absorb 90 percent of the incident 
germicidal energy. However, such liquids can be disin- 
fected to a high degree by this energy if they are irradiated 
in thin layers. This germicidal energy is rather vicious and 
it may adversely affect a material. Obviously, this must be 
determined before proceeding further. 
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Prate XVI. Various efficient sources of light and ultraviolet energy 
for various purposes. 
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| In Fig. 141 are illustrated two vertical sectional views 
"of a suitable metal container for irradiating highly absorb- 
‘ing liquids. In the cross-section A the germicidal sources G 
"gre seen to be installed close to a thin layer L of the flowing 
“‘Jiquid. The corrugated bottom is indicated as one means of 
“guirting or turning over the liquid. The cross-section B 
“indicates the long tubular germicidal sources. Doubtless the 


| Fic. 141. Highly absorbing liquids can be treated in thin layers with 
"germicidal sources G. The liquid may flow in a thin layer L at the 
"proper rate for adequate disinfection. 


'f 


q ends and the sockets should be covered with rubber sleeves. 
“The rate of flow is determined by the results obtained. 
“Where plenty of time is available, it is possible that beer, 
“wine, vinegar and other liquids might be adequately steril- 
' ized. The practicability and economics are factors that can 
readily be determined for any specific case. 

In the disinfection of water it is generally less prac- 
‘ticable and efficient to immerse the germicidal sources. 
‘However, it is justifiable to immerse them in highly ab- 
“sorbing liquids as indicated in Fig. 142. In the cross-section 
A two different groupings of germicidal sources G are 
‘shown in C and D. The liquid L enters through / and after 
“meandering it flows out at O at an appropriate rate, de- 
pending upon its absorption-coefficient and the kind of 


me. 
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micro-organisms to be killed. Inasmuch as the liquid is nog ] 
under pressure, it appears practicable to use rubber cleo iil 
S as shown in the cross-section B. Although each germic} aa 
source is of low wattage, many of them will represent 7 
total wattage that may be rather high. Obviously, thal 


heating effect upon the liquid must be taken into account 7 


os 


q 


liquids. 


Fic. 142, Germicidal sources may be immersed in highly absorbing j - 


Milk in a very thin layer is highly absorbing. Never-_ 
theless, many years ago experiments were made with quartz. 
mercury-arcs in disinfecting very thin films. In one case 
this film was gathered on the edge of a revolving disk and 
was wiped off and collected after exposure to the ultra- | 
violet energy. Inasmuch as a 30-watt germicidal source is — 
nearly as effective in killing micro-organisms as a 300-watt : 
quartz mercury-arc, it is possible that milk might be suc- 7 
cessfully treated in a device such as that illustrated in © 
Fig. 142. Ozone imparts an undesirable taste to milk. There- q 
fore, the air in the milk or in contact with it might have 
to be eliminated or at least reduced. 4 

The same principles apply to the disinfection of thin 
layers of solid materials such as paraffin. The rate at which 
the material passes during processing determines the num- 
ber of germicidal sources which are placed close to the 7 
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material. These factors determine the exposure measured 
in intensity and time. — 

Inasmuch as the absorption-coefficient is so important 
-. determining the design or practicability of a germicidal 


installation, Table XLVIII is presented. The data apply 


TABLE XLVIII 


nt Energy of 42537 Absorbed by Different Depths of 
Non-Turbid Homogeneous Media 


Depth in Inches 


| ent 
ee Inch) Oe 0:2 OS LO 20 SO TO 20780 100 
ee 60.1 «(0.2 :«(0(056.:«2120 «2.000 «50 (9.0 18 40° 60 
eo 2 0.4 1.0 20° 4.0 9.0718 33 60 85 
Ree 1.07 25 50 100 22 de 601 90 98 
me 0 2.0. $.0--- 9.8 AS 38.1.5 60... «..86 98 
ee 0 4.00 9.0, 18, 32. 60 BS, 98 
BS 9.0 22.0. 38 60" OL 98 
9.0 60 
18 85 


P = 10001 — « *%%) 
P = Percentage of energy absorbed 
a = Absorption-coefficient 
d = Depth of absorbing medium 


fenly to non-turbid homogeneous media. ‘The percentages 
‘of the incident germicidal energy that are absorbed by 


layers varying in depth from 0.1 in. to 100 in. are indicated 


for various absorption-coefficients, a per inch. Emphasis is 
given to the lesser depths of the absorbing medium. The 
data were computed according to the exponential law for 


clear or non-turbid homogeneous media. 


hee 


D ISINFECTING AIR FOR INDUSTRIAL PROCESSES 


‘ 
MY 


et 


q In many industrial processes it is desirable and prac- 
“ticable to disinfect the air so as to prevent contamination 
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of products. In some cases it may be desirable to irradiate 
the upper stratum of air in the entire room and to suppl al 
ment this with localized germicidal energy over Certain 
processing areas. In others it appears more practicable to 4 
provide rather complete insurance against contamination — 
from air-borne micro-organisms by enclosing a Process onl 
production line. | 


Fic. 143. An arrangement for disinfecting air in a tunnel T for various 


purposes. In this case the worker projects his protected hand in O and 
packs sterile materials in disinfected air. 4 


As illustrated in Fig. 143, a tunnel T can be short or 4 
long, depending upon the requirements. Germicidal sources , 
G are installed in aluminum reflectors R. In one successful q 
operation sterile jars proceed along a moving belt B toward : 
the compartment C. A worker is located at the right-hand © 
end looking through the plate-glass window. With his pro- 
tected hands and arms projecting through the opening O, 
the worker fills the sterile containers with the sterile prod~ 
uct. A small fan, operating at low speed, gently pushes the - 
air from left to right through the tunnel T and out at 0.5 
Thus the air can be disinfected to any degree depending 
upon the length of T and the wattage of G. The compart- 


ment C contains a germicidal source G installed as shown. | 
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“where meat is stored above the freezing temperature. ‘There 
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of the worker are protected by the ordinary 
Many variations of this principle can be made 
suit various packing and other procedures. : 
In many industrial processes contamination can be 


: duced or completely prevented by enclosing larger areas 
a 


yolumes. The prevention of spoilage by ears 
isms is practicable and many recommendations of : : iS 
ave been made. Fig. 143 illustrates an actual insta a- 
f germicidal sources which have prevented spoilage 
roducts or have improved their acceptability. 

Germicidal energy is used to a considerable extent 


an 


4g little doubt that this refinement in processing and storing 
products will find wide acceptance. 


Many products cannot be completely sterilized by 


germicidal energy for they are opaque to this energy. i 
surfaces can be treated successfully in many ox, oe 
ever, many products are rendered sterile by heat in the 
a rocessing and they can be protected from contamination 


| by air-borne organisms. 


RILE STORAGE - 
There appear to be extensive fields for germicidal 


energy for rendering air sterile for the storage of sterilized 
“materials. In Fig. 144 a vertical cross-section of a cabinet 1S 
illustrated. This was made for preventing contamination of 
b acteriological supplies and equipment by air-borne i 
organisms. The sterilized petri dishes and other materials 
rest on the bottom of the cabinet. A germicidal source 1s 
located at the coincident foci of two aluminum parabolic 
reflectors. These provide a cross-fire of germicidal rays. 
] 
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he front can be closed and the confined air can be dis- 


fected to a high degree. 
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’ TENSIVE USES OF FLUORESCENCE 

£ Not many years ago the production and use of me 
ence were relatively rare and not of much ee 
ee rtance. If one wished to utilize this phenomenon tor 
7 resting effect or a utilitarian purpose he had to make 
a i, fluorescent materials and adapt a make-shift filter 
q a Be irce of ultraviolet energy. With the advent of vari- 
7. urces of long-wave ultraviolet energy, many excel- 
: . Fee cont materials have become available. However, 
Ether the sources nor the materials would be . Bo 
general use if appropriate filters were not 5 ye €: be 
q oP ecly, heat-resisting glass filters are available w i“ 
“transmit long-wave ultraviolet energy in the ere 
3600 without transmitting appreciable visible sip . 
spectral transmissions of three of these glass filters a 

) jllustrated in Fig. 138.0 er 
| Asa result of the availability of socalled “blac s t 
g great expansion of the use of fluorescence has taken p a 
Many variations are possible in theatrical or spectacu a 
‘fields. However, the strictly utilitarian uses are even ae 
‘yaried and numerous. The applications in warfare inclu : 
“fluorescent maps, scales on instruments and signaling. n- 
‘yisible markings on laundry and other materials are prac- 
‘ticable. These ultraviolet sources are standard equipment . 
crime detection. Fluorescing patterns in the carpeting 0 
the aisles of motion-picture theatres are suggestive of i 
' many uses of fluorescence as a safety aid. Countless vente 
‘ties can utilize fluorescent materials and black light” an 
"many of these combine interest with utilitarian value. 
-_ Anenormous number of common materials are excite 
to fluorescence, and in the absence of light there pers 
© uses of this phenomenon. For example, many — S 
“fluoresce a distinctive color so that black light is an aid in 


Cabinets for sterile storage can be simpler than thaw 
illustrated in Fig. 144. A germicidal source can be locate 
horizontally on the inside above the door of the cabinet 1 
If the cabinet has horizontal shelves, a germicidal soyen_ 
may be installed vertically inside at one side of the do 
one at each side of the door. There are countless use 
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Fic. 144. A cabinet for sterile storage of materials. Many simpler de- : 
signs are practicable. 1 


places for such cabinets. They are not intended for steriliz-_ 
ing the materials, but for maintaining a sterile environment — 
for storage. In the home babies’ equipment and materials : 
can be stored in a small cabinet in which an 8-watt or even | 
a 4-watt germicidal source is sufficient. Such cabinets will ~ 
serve well in hospitals, dispensaries, surgeries, dental offices, — 
barber shops, etc. 2 j 

In the storage of furs, for example, germicidal energy 7 
acting for a long time might damage the materials. In such — 
cases the air might be sterilized in a small compartment 
through which it is circulated and from which it is dis- — 
charged into the storage space. 4 
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prospecting and mining. Unfortunately, fluoresce ve 
phosphorescence are also due to minute “(purities and® 
the color of the phosphorescence or fluorescence of m tha ; 
eral is hot an infallible guide. Nevertheless, a a 
black light provides a person with something’ ie of 
another visual sense, which is helpful in many Ve ent to 

ui These are mere glimpses of the phenoieeam : d itl 
utilitarian, artistic and novel possibilities. Althou a . 
source of ultraviolet energy may be equipped with 8} cil i 
some of the major sources available are illustrated Ye Pu 


XVI. Obviously the sunlamps, S-1, S-4, RS-4 and RS eminia 
It 


long-wave ultraviolet energy and can be effectively used am 


However, the middle group in Plate XVI is general] : 
The B-H4 is a 100-watt mercury lamp with an anti Laie 
which is the red-purple filter. The other mercury | i: | 
must have accessory filters. The C-H4 has a concentrate | 
ee and the E-H4 has a less concentrating one oe 
__ Fluorescent lamps for general lightin q 
the inside of their glass ee er oe ated aa 
phors which emit light or visible energy on being oe q q 
by the ultraviolet energy of 42537 emitted by the lott | 
pressure mercury vapor. Instead of using these phosphors 
a material is used which emits long-wave ultraviolet ener 4 
when excited by the energy of 42537. This results in i ' 
type 360 BL fluorescent lamp. Obviously, the principle can q 
be applied to fluorescent lamps of any wattage. A spectral 
oe of ” ieee poke yp by this type of fluorescent 
is included in Plate I. Thi a 
! i a, e I. ‘This source pause be used with 
All tungsten-filament lamps emit some long-wave q 
ultraviolet energy. Iherefore, when they are equipped 
with a proper filter they are useful where relatively lowl 
Intensities of this exciting energy are adequate. . 


i 
i) 
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: There should be a term analogous to the lumen and 
 g-viton for expressing the output of long-wave ultraviolet 
) energy according to its ability to excite fluorescence. How- 
ever, fluorescent materials vary widely in their response to 


ultraviolet energy of various wavelengths. Therefore, a 


- ctandard one would have to be selected, but this would not 


tative of most of the other materials. Possibly 


: be represen 
f radiant energy between 43500 and 23700, 


the output o 


| jeasured in units already available, would be the best col 


ion at the present time. This wavelength range includes 
the maximal spectral transmission of the red-purple ultra 
filters in common use. Measurements of the total ultraviolet 
"energy passing through a standardized red-purple filter are 

quite helpful. The author has standardized such a filter for 
use with the General Electric Light Meter and has found 
' that the measurements are very useful. In this way it is 
possible to rate different sources of socalled black light. 

"This matter is discussed in Chapter XV. 

= 


_ EFFICIENT BATH CABINETS 
| For many years the author has wondered why socalled 
- light-baths have not been more widely used. When one 
notes the popularity of Turkish baths with their hot dry 
and humid rooms he naturally wonders why cabinets con- 
taining high-efhiciency tungsten-filament lamps have not 
been developed for widespread use even in homes. Nat- 
“urally, a place must be found for them, but if they are 
collapsible as illustrated in Fig. 145, and properly finished 
| they can be placed in a bedroom, bathroom, closet or any 
“convenient place. However, if bathrooms were viewed as 
they should be they might be termed health-rooms. They 
might well be equipped with a socalled light-bath, either 
" portable or permanently installed. 
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In Chapter XIII it is seen that the ideal SOUrCce fo, 
heating bodily tissue to a depth is one which efficien a 1 
produces long-wave visible energy and short-wav . 
red energy. Bodily tissue is composed largely of water and — 
therefore, its spectral transmission. is largely deter 7 
by that of water. This fact is illustrated in Figs. 109 to a y 


Fic. 145. An example of a collapsibl ini 

psible cabinet containing high- . 
tungsten-filament lamps for heating bodily tissue at A depth, With 4 
special bulbs moderate intensities of erythemal energy are available, 


The author *° published data of this sort many years ago 1 ; 
but notwithstanding the undeniable proof that tungsten- | 
filament lamps of high wattage are the best artificial sources _ 
for such use, carbon-filament lamps have continued in use, | 
Even non-luminous heaters are still sold for this purpose. ] 
Some manufacturers of bath-cabinets did change from a 
carbon-filament lamps to tungsten-filament lamps of the q 
lesser wattages. However, 300-watt tungsten lamps are | 
much more efficient for bath-cabinets than 40-watt tung-_ 
sten lamps of the same total wattage. For these reasons a _ 
bath-cabinet containing 300- and 500-watt tungsten lamps" | 
was extensively studied by Luckiesh and Holladay. @ 


ve infra, 
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j A high-wattage tungsten lamp was installed in each of 
"the 8 inside corners of a cubical cabinet. The total wattages 
‘ studied varied from 900 to 4000 watts and the average 
"intensities of illumination over an average of 19 sq. ft. of 
the naked adult subjects varied from 400 to 1800 foot- 
candles. The duration of exposure varied from 7 to 60 
q minutes during which respiration, blood pressure, bodily 
i remperature and heart-rate were recorded. From these ex- 


 neriments it was concluded that a 300-watt lamp in each 


of the 8 corners was more than adequate. In fact, it was 
concluded that the adult, being in a sitting position, would 


"prefer to have the lamps in the two corners near the feet 
" ¢liminated. This leaves six 300-watt lamps, and the total of 
1800 watts was found to be adequate. 
7 In this cabinet an adult is quite comfortable notwith- 
‘standing the fact that his mouth temperature might rise 
“1 or 2 deg. C. in ten minutes and he might lose nearly two 
pounds in weight. As explained in Chapter XIII, the radiant 
energy from 6000 to 14,000 penetrates by transmission, 
“not by conduction as from a hot towel. The energy that 
heats the surface of the skin is partially conducted, but it is 
also exciting the network of sensory nerves. One can 
readily note the difference in “skin comfort” between equal 
" wattages of 300-watt tungsten lamps and of 40-watt tung- 
| ‘sten lamps or of carbon-filament lamps. The benefits are 
“the same as those in hot dry or humid Turkish baths. The 
profuse perspiration keeps the skin moist and cleanses the 
pores. For normal healthy persons who lead a more or less 
sedentary life there is little doubt that the stimulation of 
the circulatory processes is beneficial. Incidentally, the 
respiration and pulse-rates generally rise appreciably during 
‘a 10-minute exposure in the cabinet. 
_ There is no conclusive evidence that the visible or 


) infrared energy in itself is beneficial in the sense that ery- 
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themal energy is beneficial by the production of Vitamin p ~ 
and possibly in other ways. However, it is likely that al] ‘a 
not known about the effects of radiant energy in sunlight, — 
At least it was an environmental factor for eons and possibly 


is of some direct value when the skin is exposed to it. 


When the entire body, with the exception of the heag | 
and neck, is exposed a large area of the skin is the receiver 
In Chapter X it is seen that suberythemal dosages of ultra. ~ 
violet energy prevented and cured rickets when only g_ 
small fraction of the skin of an infant was exposed. Jt — 


appears probable that even smaller dosages are necessary 


when the entire body is exposed to erythemal energy, Ar © 
any rate, when 300-watt tungsten-filament lamps with — 

special ultraviolet-transmitting glass were used in the bath- _ 
cabinet, a dosage equivalent to about 0.1 MPE was ob. © 
tained in 10 minutes over the entire area of skin. This 7 


might be an adequate biologically-beneficial dosage. 


The comfort and convenience in using such a bath-— 
cabinet is far greater than is experienced in hot dry or ; 
humid rooms. Furthermore, such bath-cabinets are readily © 
installed. It appears to the author that this will eventually 
be a major use of radiant energy. Combining erythemal — 
energy with the penetrating visible and short-wave infrared : 


energy makes it doubly attractive. 
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READING 
AS A VISUAL TASK 


By MATTHEW LUCHIESH 


: D.Sc., D.E. 
Director, Lighting Research Laboratory 
General Electric Company 
Nela Park, Cleveland 


And FRANK K. MOSS, ELE. 
Physicist, Lighting Research Laboratory 
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From the two viewpoints of visibility 
and readability, this book gives a de- 
tailed account of the most important 
and most common of all critical visual 
tasks — reading. Every aspect of this 
subject is fully explained, including 
the effects of type-size, type-design, 
leading, line length, level of illumina- 
tion, paper and ink, printing and vari- 
ous methods of reproduction. This is. 
the first comprehensive treatment by 
means of new devices, techniques and 
criteria which the authors have evolved 
from their intensive researches in this 
immediate field, which have extended 


over a period of more than ten years. 


